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This thesis describes an experimental study on workability and stability of 
fresh lightweight aggregate concrete (LWAC) from rheology perspective. It involves 
using rheological parameters of Bingham model, which are yield stress and plastic 
viscosity, to evaluate the workability, and stability of concrete under vibration. In 
general, a lower yield stress and plastic viscosity improves the flowability but 
increases the segregation potential of fresh concrete. Hence, there is a need to provide 
information to address this dilemma in design of concrete mixtures. The rheological 
parameters of the concrete in this study are modified using a superplasticizer (SP) and 
an air entraining agent, and measured by a coaxial-cylinders rheometer. Information 
on the behaviour of the fresh LWAC, with and without air entrainment, is presented 
and discussed. Empirical relationships between the rheological parameters and the 
slump are proposed based on the experimental results.  
The results indicated that the increase in the SP content reduced the yield 
stress without a significant effect on the plastic viscosity. The yield stress and plastic 
viscosity were reduced with air entrainment. As the entrained air content increased, 
the plastic viscosity of the concrete decreased, however, the yield stress remained 
relatively unchanged. The air entrained concrete had higher yield stress and lower 
plastic viscosity compared with the non-air entrained concrete at similar slump. Thus, 
a higher shear stress is required to initiate flow in the former but its flow rate would 
be higher than the latter.  
The slump of the concrete increased as the yield stress decreased. The slump 
of the non-air entrained concrete did not appear to have any correlation with the 
plastic viscosity, while the slump of the air entrained concrete increased as the plastic 
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viscosity decreased. The slump of the concrete increased significantly with the 
incorporation of entrained air.  
When fresh LWAC experienced vibration, the stability decreased with 
decrease in its yield stress or plastic viscosity. The LWAC with denser LWA had 
better stability due to a smaller density difference between the LWA and the mortar 
matrix. During vibration, there was a minimum amplitude above which the concrete 
could be fluidised, and relative movement between coarse aggregate and mortar 
matrix might occur, leading to segregation. When the LWAC was fluidised, the air 
entrained concrete had better stability than the corresponding non-air entrained 
concrete. However, the stability of air entrained concrete decreased as entrained air 
content increased.  
The concrete had more segregation when the vibratory frequency, amplitude, 
and acceleration increased. For a given vibratory acceleration, a combination of 
higher amplitude and lower frequency led to more segregation in the concrete with 
low yield stresses.  
 
Keywords: air entrainment; lightweight aggregate concrete; plastic viscosity; 
rheology; segregation; slump; stability; superplasticizer; vibration; workability; yield 
stress. 
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1 INTRODUCTION 
 
1.1 Background review 
Brief history of concrete (Neville, 1995) 
Concrete has evolved over the centuries. The oldest concrete ever discovered 
dates from around 7000 BC and was discovered in Galilee, Israel, where it was used 
as an infill material rather than as a building material in its own right. This material 
was lime concrete, which was made by mixing burnt limestone with water and stone. 
Its use spread around the eastern Mediterranean and concrete was being used in 
Ancient Greece by 500 BC. 
Possibly copying and developing the ideas that the Ancient Greeks had, the 
Romans started using concrete around 300 BC. In fact, more than 200 Roman bridges 
are still around today. The Romans discovered a pink volcanic ash from Mount 
Vesuvius and, thinking it was sand, mixed it with lime. The mixture produced a much 
stronger product known as pozzolanic cement, which was used in building and 
engineering for the next 400 years. The Romans also developed lightweight concrete 
by using pumice, a very lightweight rock, as an aggregate. Aggregates, made of stone 
or sand, are the main raw material used in the making of concrete.  
During the Middle Ages, the art of making hydraulic cement was lost. The 
hydraulic cement reappeared in the year of 1824 when a Leeds builder named Joseph 
Aspdin patented it. The name “Portland cement” is given due to the resemblance of 
the colour and quality of the hardened cement to Portland stone, which was a type of 
limestone quarried in Dorset. After the rediscovery of cement, the concrete consisting 
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of a mixture of Portland cement, water and aggregates becomes the most commonly 
used structural material in modern civilisations. In the 20  century, decades after the 
rediscovery of the cement, lightweight aggregate concrete was used for structural 
purposes for the first time when lightweight aggregates were manufactured 
(
th
EuroLightCon, 1998).  
 
The workability of fresh Concrete 
The quality of the concrete structure is dependent on the quality of each 
constituent that is used in the concrete mixture. However, this is not the only 
controlling factor. The quality is also much dependent on the workability of the fresh 
concrete during transportation, placement, compaction and consolidation. The term 
“workability” is defined in ASTM C125 as “A property determining the effort 
required to manipulate a freshly mixed quantity of concrete with minimum loss of 
homogeneity.” Concrete is a complex composite material and its properties in the 
fresh state can have a large effect on properties of the hardened concrete. During 
casting, the concrete should be able to flow into all corners of formwork completely 
with minimal segregation. This is a process that is made more difficult by the 
presence of awkward sections or congested reinforcement. The result of using 
concrete of unsuitable consistency often leads to hardened honeycombed and non-
homogenous mass. In the light of today’s advanced concrete technology, it is even 
more critical to completely define concrete flow when special concretes, such as self-
compacting concrete (SCC) or high performance concrete (HPC), are used or when 
concrete is placed in highly-reinforced structures. These are some of the situations 
demanding major control of workability. Therefore, one of the primary criteria for a 
good concrete structure is that the fresh concrete has satisfactory workability during 
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casting. With satisfactory properties, it is meant that the concrete can be placed into 
the mould or formwork without excessive effort, or sometimes without an effort at all. 
The latter type is known as self-compacting concrete.  
The term ‘workability’ is a general descriptive word and the technology to 
measure the properties of fresh concrete has not changed significantly in the last 
century. The description of workability involves the use of some terms such as 
stability, compactibility, mobility and pumpability. The definitions and descriptions of 
these terms are covered by ACI 309 (1993). The effort required to place a concrete 
mixture is determined largely by the overall work needed to initiate and maintain 
flow. This depends on the rheological property of the cement paste and the internal 
friction between the aggregate particles on the one hand, and the external friction 
between the concrete and the surface of the formwork on the other. Consistency, often 
measured by slump test, is used as a simple index for mobility or flowability of fresh 
concrete (ACI 116, 2000). The effort required to compact concrete is governed by the 
flow characteristics and the ease with which void reduction can be achieved without 
destroying the stability under pressure. Stability is an index of both the water-holding 
capacity and the coarse-aggregate-holding capacity of a plastic concrete mixture. A 
qualitative measure of these characteristics is generally covered by the term 
cohesiveness (Mehta and Monteiro, 1993). The two workability terms ‘consistency’ 
and ‘cohesiveness’ are general terms, not subjecting to simple quantification. In 
summary, consistency describes the ease of flow while the cohesivesness describes 
the tendency to resist bleed or segregate. Therefore, it is apparent that workability is a 
composite property described by at least two components.  
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Deficiency of empirical tests 
The workability of concrete is mainly evaluated using conventional empirical 
test methods. Some are approved by Standards such as the American Society for 
Testing and Materials (ASTM International) or the British Standard Institution (BSI). 
This includes the slump test (ASTM C143), the compacting factor test, the vebe 
consistometer test (ASTM C1170) and the slump-flow test (ASTM C1611). Some of 
these tests and the interpretation of their results are discussed by Popovics (1982). The 
results given by most empirical tests depend on the dimensions and detailed 
arrangement of the apparatus. In many of them the results are also operator-sensitive. 
Moreover, none of these standard tests is capable of dealing with the whole range of 
workability that is of interest in practice. For example, the slump test, which is most 
commonly used, is quite incapable of differentiating between two concretes of very 
low workability (zero slump) or two concretes of very high workability (collapse 
slump). This is because each of these empirical tests is only capable of measuring 
concrete at a particular shear rate, or under one set of shearing conditions. Due to this, 
BS 1881 gives recommendations for the range which a particular test is considered to 
be suitable and further states that there is no unique relationship between the values 
yielded by the four common tests (Dewar, 1964; Hughes and Bahramian, 1967).  
On top of this, another deficiency of the standard tests is that they are 
incapable of giving any indication of the cause of any unwanted change in 
workability. Concretes with the same slump may also flow differently and have 
different workabilities (Tattersall & Banfill, 1983; de Larrard, 1999). The reason is 
that all the empirical tests are single-point tests. In each test only one measurement is 
made and the result is quoted as a single figure. The practical outcome of this 
deficiency is that concrete that has been classified as identical in workability by any 
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one of the standard tests may consequently be found to behave very differently in 
practice. The reason for these inconsistencies may be attributed to the fact that fresh 
concrete is characterized by at least two constants - the yield value and the plastic 
viscosity. Since there is, in general, no correlation between the values of the two, the 
information provided by these single-point tests is insufficient to fully describe the 
workability of concrete.  
 
Rheology of fresh concrete 
The reason two concretes with the same slump behave differently during 
placement is that concrete flow cannot be defined by a single parameter. Most 
researchers agree that the flow of concrete can be described reasonably well using a 
Bingham equation (Bingham and Reiner, 1933). Figure 1.1 shows the graph of 
Bingham model and its equation. The equation is a linear function of the shear stress 
(the concrete response) versus shear rate. In addition, the Bingham equation consists 
of two rheological parameters, which are yield stress τo and plastic viscosity ηp. Past 
researches (Tattersall, 1991) have shown that the Bingham model is sufficient to 
define flow behaviour of fresh concrete quantitatively by the two rheological 
parameters, namely the yield stress and the plastic viscosity, over the range of shear 
rates important in practice (Reed, 1995). Figure 1.2 shows the different processing 
operations in typical ranges of shear rate. 
Fresh concrete exhibits a yield stress below which it behaves as a solid, and 
above which it flows as a liquid. Thus, concrete is a viscoplastic material. Plastic 
viscosity governs concrete flow behaviour after the yield stress is overcome and flow 
has started. The existence of the plastic viscosity helps to explain why concretes with 
the same slump may behave differently during placement. The fact that fresh concrete 
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is characterized by the yield value and the plastic viscosity explains why the single-
point tests do not correlate with each other. This may be illustrated by Fig.1.3. The 
figure shows the flow curve of two concrete A and B, whose lines cross at the shear 
rate 1γ& , so that measurement at that shear rate would classify them as of equal 
workability. However, measurement at the higher shear rate 2γ&  would indicate that A 
is of a lower workability because the measured torque is higher, while measurement at 
a shear rate lower than 1γ& would indicate just the opposite.  
Slope = ηp
τ0








Fig.1.1 – The Bingham model is given by τ = τ0 + ηp γ& , where τ is shear stress, τ0 is 
yield stress, ηp is plastic viscosity and  is shear rate γ&
 
 
Fig.1.2 – Different processing operations in different ranges of shear rate (Reed, 
1995). 
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Fig.1.3 – Effect of shear rate upon the results of single-point tests 
 
 
Measurements of rheological parameters of fresh concrete 
The measurement of rheological parameters of fresh concrete is carried out 
using a rheometer, or viscometer. One of the earliest rheometers introduced by 
Tattersall (1973a-b) in 1973, and thereby called the Tattersall Two-Point workability 
device (or Two-Point rheometer), puts a milestone forward in the field of concrete 
rheology. Over the course of time, different types of rheometers with different 
concepts in measurement of rheological parameters and geometries have been 
developed. One type of rheometer is the coaxial-cylinders rheometer, consisting of an 
inner cylinder within an outer cylinder and sharing the same vertical axial, and hence, 
the name for this type of rheometer. According to Tattersall and Banfill (1983), the 
earliest coaxial-cylinders rheometer for concrete appeared around the 1970’s. Since 
then, several trials were conducted on the measurement of rheological parameters of 
fresh concrete by different researchers (Tattersall and Banfill, 1983; Murata and 
Kikukawa, 1973; Uzomaka, 1974) using the coaxial-cylinders system. In the late 
1980’s, further improvements were made to the coaxial-cylinders rheometer in 
Norway (Wallevik, 1990; Wallevik and Gjørv, 1990), which resulted in the ConTec 
BML Viscometer 3. This rheometer was used in the current study and details on the 
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concept of rheological measurement and geometry of the rheometer are provided in 
Section 2.2 (page 28). 
A comparison of rheometers was conducted in France in the year 2000 and 
further experiments were done in the United States in 2003 (Ferraris and Brower, 
2001, 2003 & 2003a). Besides the BML rheometer, the other rheometers being 
evaluated included BTRHEOM, CEMAGREFF-IMG, IBB, and Two-Point 
rheometers. The BTRHEOM rheometer is a parallel-plates type rheometer while the 
CEMAGREFF-IMG is a coaxial-cylinders type rheometer. Both the IBB and Two-
Point rheometers are impeller type rheometer. The first study concluded that all the 
rheometers are able to describe the rheology of fresh concrete (Ferraris and Brower, 
2001 & 2003a). Although different values for the Bingham constants of the yield 
stress and plastic viscosity for the same concrete mixtures were reported by each type 
of rheometer, it was found that the reported values were ranked statistically in the 
same order. Furthermore, the correlation of measurements between any pair of the 
rheometers was also found to be reasonably high. In the second follow-up study, an 
attempt was done to determine the repeatability of the results (Ferraris and Brower, 
2003). From there, it is found that small variation in the concrete can cause significant 
changes in the rheological results and repeatability was poor. The conclusion is based 
on the limited data from that study. In the current study, the repeatability of the results 
are presented and discussed in Section 4.2 (page 77). 
 
Lightweight aggregate concrete 
Lightweight aggregate concrete (LWAC) has been used for structural purposes 
since the 20th century (EuroLightCon, 1998). The LWAC is a material with low unit 
weight and often made with spherical aggregates. The density of structural LWAC 
   - 8 -
typically ranges from 1400 to 2000 kg/m3 (Owen, 1993) compared with that of about 
2400 kg/m3 for normalweight aggregate concrete (NWAC). The low specific weight 
and high insulating capacity are the most obvious characteristics of LWAC. 
Nowadays, with proper mix proportioning and using special ingredients such as silica 
fume, it is possible to produce high-strength LWAC with 28-day cube compressive 
strength of over 100 MPa (Zhang and Gjørv, 1991a). Due to its higher strength/weight 
ratio, high-strength LWAC is being used to reduce the self-weight of structures and 
cross-sectional areas of structural elements. Both can increase the effective usable 
space for high-rise buildings and increase the span length for bridges. Besides this, the 
water permeability of LWAC, with 28-day strength from 30 to 50 MPa, is found to be 
lower than the corresponding NWAC (Chia and Zhang, 2002). The lower 
permeability of the LWAC is due to a combination of improved interfacial zone 
between the aggregate and mortar matrix, and a more unified microstructure. This 
means that the LWAC is likely to have better long-term durability, as concrete with 
lower water permeability can resist the ingress of harmful substances more 
effectively. Apart from achieving durable concrete through using appropriate 
materials and proportioning, the durability of the concrete is also very much affected 
by the workability of its fresh state, and thus consolidation of the concrete.  
While the properties of hardened structural LWAC are readily available, 
literature dealing with the fresh state of the LWAC is limited. Although the practical 
importance of the workability of concrete is considered only in so far as to have an 
effect on the properties of the hardened concrete, the effect is a far-reaching one. 
Quality control of the properties of hardened concrete always takes place in the 
production stage, and the workability including the consistency and cohesiveness of 
fresh concrete, cannot be over looked. When LWA with a considerably lower density 
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is used compared to that of the mortar matrix, an upward segregation of the coarse 
aggregate might be experienced. This is in contrast with NWAC where the coarse 
aggregates usually separate and sink to the bottom. Furthermore, a greater vibrating 
energy is needed for LWAC than that for NWAC for effective compaction (Dutch 
Concrete Society, 1978). This is because the LWA may act as a cushion during the 
vibrations (Weigler et al., 1972). In practice, the LWAC loses its workability faster 
than NWAC due to water absorption by the LWA if the aggregates used are not pre-
soaked. Like the NWAC, the workability of LWAC is mainly evaluated using 
conventional empirical test methods. While these tests are also valid for LWAC, the 
consistency of the LWAC measured by these tests is generally underestimated, due to 
the shape of the aggregate and the density of concrete (Weigler et al., 1972). Due to a 
lower density of the LWA, the LWAC does not slump as much as NWAC at the same 
workability. 
The reason for the lack of information on the workability of LWAC is 
probably due to difficulties in determining the exact mixture proportions. The usual 
method of proportioning for NWAC based on absolute volume becomes inaccurate 
and difficult to apply with LWAC. The principal reason is that the lightweight 
aggregates (LWA) may absorb as high as 20% water by weight. On the contrary, most 
natural coarse aggregates have water absorption rate of less than 2%. Lightweight 
aggregates may also absorb chemical admixtures in concrete and therefore reducing 
their effectiveness. In the current study, an attempt was made to overcome this 
problem by pre-soaking the oven-dried aggregates prior to mixing. The pre-soaking 
process ensured that absorption of mixing water was minimal. Using oven-dried 
aggregates helped to maintain consistency in the amount of water absorbed within a 
fixed period. This would ensure that the designated mixture proportions and water-to-
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cement ratio were maintained in the test program. Details of the experiment are given 
in Chapter 3 (page 58).  
While numerous publications have been written on the rheology of NWAC, 
there is very limited literature on the rheology of LWAC. Therefore, it is the aim of 
this study to provide information that will add to the existing knowledge of the 
rheology of fresh concrete. The results from the study can provide new quantitative 
information on the workability and stability of LWAC. The current study is focused 
on investigating the influence of how a naphthalene-based superplasticizer and an air 
entraining admixture affect the rheological properties of the fresh LWAC. The change 
in the rheological properties of the LWAC is used to relate to the workability and 
stability of the concrete. The objective and the methodology in this study is stated and 
outlined in the next section. 
 
1.2 Objective 
The main objective of the current study is to investigate the rheological 
properties of the lightweight aggregate concrete (LWAC) and their influence on the 
workability and stability of the concrete. The rheological parameters of the LWAC 
were measured by the ConTec BML Viscometer 3, which is based on the coaxial-
cylinders system. The main objective is achieved in three-phases. 
The first phase is to investigate how a naphthalene-based superplasticizer and 
an air entraining admixture influence the rheology and workability of the LWAC by:  
1. Investigating the changes in the yield stress and plastic viscosity of fresh concrete 
due to the use of the superplasticizer and air entraining admixture at various 
dosages. The results of the investigations are presented and discussed in Section 
4.3 and 4.4 (pages 83 and 90). 
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2. Comparing the rheological properties between non-air and air entrained concretes 
with reference to the slumps, as presented in Section 4.5 (page 96). 
3. Investigating the relationship between the rheological parameters and slump of the 
LWAC. The results are presented and discussed in Section 4.6 (page 99). 
 
The second phase is to investigate the segregation potential of the LWAC 
under vibration. The objective is achieved through: 
1. Designing a test to evaluate the segregation of the fresh concrete under vibration. 
The significance of the segregation index from the test is correlated with the 
properties of the hardened concrete. The results are presented in Chapter 5 (page 
114).  
2. Investigating how the superplasticizer affects the stability of LWAC, and how 
different particle densities of lightweight aggregate affect the segregation potential 
of the concrete with different rheological parameters. The results are presented 
and discussed in Section 6.2 (page 127). 
3. Investigating the effect of air entrainment on the stability of LWAC and 
comparing with corresponding non-air entrained concrete. The results are 
presented and discussed in Section 6.3, 6.4 and 6.5 (pages 133, 135, and 143). 
 
The third phase is to investigate how the vibratory parameters affect the 
stability of LWAC with different rheological parameters. The vibratory parameters 
include the frequency, amplitude, and acceleration generated during the vibration of 
the concrete. The results are presented and discussed in Chapter 7 (page 150). 
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2 LITERATURE REVIEW 
 
2.1 Rheological models and properties 
Rheology is defined as ‘the science of the deformation and flow of matter’, 
and it is concerned with relationships between stress, strain, rate of shear and time. 
The details for the various rheological models discussed here may be found in Reed 
(1995). The simplest flow behaviour is that of the Newtonian liquid which is 
characterized by a direct proportionality between the shear stress and the velocity 
gradient, otherwise known as the shear rate, with its intercept at the origin:  
τ = η.                                                      (2.1)  γ&
where τ is the shear stress (Pa), η is the coefficient of viscosity (Pa s) and γ  is shear 
rate (rad/s). The coefficient of viscosity indicates the resistance to flow due to internal 
friction in the fluid.  
&
In suspensions containing non-attracting anisometric particles, laminar flow 
may orientate the particles such that resistance to shear decreases. This means that the 
stress required to increase the shear rate by an increment diminishes with increasing 
shear rate. This behaviour is often described by an empirical power law equation, 
τ = K.  n                                                      (2.2) γ&
where K is the consistency index and n < 1 is the shear thinning constant which 
indicates the departure from Newtonian behaviour. Apparent viscosity is often used to 
describe non-Newtonian fluids. It is the viscosity of the fluid if its behaviour is 
Newtonian in nature, i.e. shear stress is zero when there is no flow. The apparent 
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γ
τ
&viscosity ηa is obtained from dividing the shear stress by the rate of shear, i.e. ηa = . 
This is similar to Equation (2.1). When apparent viscosity decreases with increasing 
shear rate, the behaviour is said to be shear thinning or pseudoplastic. The apparent 
viscosity of a power law material is obtained by dividing Equation (2.2) with the 
shear rate : γ&
ηa = K.  n -1                                                  (2.3)   γ&
On the other hand, the power law with n > 1 approximates the flow behaviour of 
moderately concentrated suspensions containing large agglomerates, and 
concentrated, deflocculated particles. This phenomenon is known as shear thickening. 
For a material of this nature, the apparent viscosity increases with an increase in the 
shear rate. Power law materials have no yield point.   
 There is another type of material that contains suspension of bonded particles 
which requires a finite stress called the yield stress τ0 to initiate flow. Beyond the 
yield stress, the material flows with a constant viscosity known as the plastic viscosity 
ηp. This material is called a Bingham plastic and its flow behaviour can be described 
by the Bingham equation: 
τ = τ0 + ηp.                                                       (2.4) γ&
where τ  is the yield stress and η  is the plastic viscosity. The apparent viscosity η0 p a of 
a Bingham material is obtained by dividing Equation (2.4) with the shear rate : γ&
γ
τ 0
&                                           ηa = ( ) + η                                                 (2.5)   p
The apparent viscosity of the Bingham material is higher when the yield stress is 
higher and decreases with increasing shear rate, as illustrated in Fig.2.1. Figure 2.1 (a) 
a shows that the apparent viscosity, which is given by the gradient of the dashed lines 
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in bold, is higher for a material with a higher yield value of τ1 than one with a lower 
yield value of τ2, at the same shear rate .  Also, in the same Fig.2.1 (b), it is shown 
that the gradient of the dashed line in bold decreases as the shear rate increases from 
 to . Although the Bingham material flows with a constant plastic viscosity after 
the applied shear stress exceeds the yield stress, Equation (2.5) indicates that the 
Bingham material is shear thinning with respect to the apparent viscosity. The 
equation also shows that the plastic viscosity is the viscosity limit for a Bingham 
material at a high shear rate. Hence, for both the shear thinning systems (i.e. power 
law with n < 1, and Bingham material), the apparent viscosity decreases with the 
increase of shear rate, and two parameters are required to characterise the viscous 
behaviour.  Figure 2.2 shows how the shear stress varies with the shear rate in each of 



















γ&  1γ& 2γ&
Fig.2.1 – The apparent viscosity of a Bingham material is higher for higher yield 
stress  (a) and decreases with increasing shear rate (b) 
 
   - 15 -
 Fig.2.2 – Various rheological models showing variation of shear stress with shear rate 
(Reed, 1995) 
 
A more general model is the Herschel-Bulkley model: 
τ = τ0 + K.  n                                                   (2.6)    γ&
This equation provides shear thinning behaviour after the stress exceeds the yield 
stress, like the Bingham equation, but provides for a non-linear dependence of shear 
stress on shear rate as described by the power law equation.  
 The rheological behaviour described above was assumed to be independent of 
the shear history and shearing time. For some materials the apparent shear resistance 
and viscosity at a particular shear rate may decrease with shearing time (Fig.2.3). This 
behaviour, called thixotropy, is commonly observed for shear thinning materials when 
the orientation and coagulation of particles change with time during shear flow. For a 
thixotropic material with a yield stress, the apparent yield stress is higher after the 
suspension has been at rest and a particle structure has reformed. This higher apparent 
yield stress after a period of rest is often called the gel strength, or the static yield 
stress. The static yield stress will be discussed in Section 2.2 (page 17).  
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 Fig.2.3 – Shear stress decreases with shear flow at constant shear rate, which indicates 
thixotropic behaviour (Reed, 1995) 
 
2.2 Rheology of fresh concrete  
The mere fact that concrete can stand in a pile suggests that there is some 
minimum stress required to initiate flow. This minimum stress is known as the yield 
stress. Above this value, the shear stress of concrete is found to be approximately 
proportional to the shear rate (Morinaga, 1973; Murata and Kikukawa, 1973; 
Uzomaka, 1974; Sakuta et al., 1979). Although the rheology of fresh concrete is 
complex due to its composition and the accompanying chemical changes, it has been 
shown beyond doubts by many researchers since the early 1970s that fresh concrete 
possesses a yield stress and a plastic viscosity that is independent of shear-rate. At 
low shear rates which are important in practice (Fig.1.2), the flow properties of fresh 
concrete approximate closely to the Bingham model (Ish-Shalom and Greenberg, 
1962; Morinaga, 1973; Murata and Kikukawa, 1973; Uzomaka, 1974; Scullion, 1975; 
Odler et al., 1978; Sakuta et al., 1979; Vom Berg, 1979). This means that concrete is 
a Bingham plastic material and its flow behaviour can be closely represented by the 
Bingham Equation (2.4). The yield stress and plastic viscosity are the rheological 
parameters from the Bingham model that can be used to describe the flow behavior of 
fresh concrete. Hence, concrete is a viscoplastic material in which it behaves like a 
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solid (i.e. will not flow) when an applied shear stress is below its yield stress, and 
flows like a liquid when the shear stress exceeds its yield stress. Once the flow has 
started, the plastic viscosity of concrete determines its flow rate. 
However it must also be noted that concrete mixtures often exhibit thixotropic 
behaviour (Odler et al., 1978). This has been illustrated in Fig.2.3. From the figure, 
the top portion of the hysterisis loop is a curve indicating that as the concrete is being 
sheared in an increasing shear stress environment, the rate of increase in shear stress 
decreases as the shear rate increases. This is due to the fact that cement is a shear 
thinning material (Odler et al., 1978; Russel, 1980; Tsutsumi et al., 1994) and the 
orientation and coagulation of particles change with time during shear flow. The 
lower portion of the hysterisis loop is a linear line indicating that as the concrete is 
being sheared in a decreasing shear stress environment, the rate of decrease in the 
shear stress is proportional to the rate of decrease in the shear rate. The latter 
conforms to the Bingham behaviour. 
 
Dynamic yield stress and static yield stress 
The thixotropic behaviour of this viscoplastic material results in two main 
types of yield stresses that can be related to concrete, mortar and cement pastes, 
namely the static yield stress τy and the dynamic yield stress τo (Hånkansson, 1993; 
Wallevik, 2003). The static yield stress is the minimum shear stress that must be 
exceeded in order for concrete to start flowing, while the dynamic yield stress is 
responsible for stopping the flow when the externally applied shear stress of the 
flowing concrete becomes lower than the internal yield stress. In addition, the 
dynamic yield stress is lower than the static yield stress. The static yield stress is 
related to the dynamic yield stress by the following equation: 
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r
~τt~ττy = τ  + [o  + ]     (2.7) 
t
~τwhere τy is the static yield stress, τ  is the dynamic yield stress, o  is the additional 
yield stress due to thixotropic rebuild, and r~τ  is the additional yield stress due to shear 
resistance from particle interlockings. As shown in Fig.2.3, the thixotropic yield stress 
t
~τ  (indicated by τgel) is the result of coagulation of cement particles. The additional 
yield stress due to shear resistance r~τ  is the result of a change in particle packing, 
when the shear rate increases from zero, i.e. state of rest. When a material starts 
flowing, the packing configuration changes from a close one to that of an open one. 
For concrete with higher binder content, the inter-particle spacing between the 
aggregates will be larger, and the result is a lower shear resistance r~τ . For the purpose 
of this study, the focus was on the evaluation of the dynamic yield stress τo, which is 
concerned with stopping the flowing concrete. This has a practical consideration, as 
casting of concrete mostly involves pouring and flowing to fill up the formworks. 
Furthermore, the dynamic yield stress is also responsible for limiting segregation of 
concrete during vibration after the initial static yield stress has been overcome. On the 
other hand, the static yield stress is used to relate to the pressure exerted by the fresh 
concrete on the formworks (Wallevik J.E., 2003). Unless otherwise qualified, the 
dynamic yield stress will be referred to as the term ‘yield stress’ in this study. 
To evaluate the dynamic yield stress, the measurement of the rheological 
parameters was conducted on concrete in a decreasing shear rate environment. This 
resulted in a linear relationship between the shear stress and the shear rate, which is 
the lower portion of the hysterisis loop due to the thixotropic behaviour of concrete 
(Fig.2.3). Figure 2.4 is a representation of the same linear relationship which can be 
represented by the Bingham model. From the figure, it is clear that at least two points 
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are needed to determine the exact position of the linear line, and hence, the name 
‘two-point test’ is often used to describe the rheological test method for concrete 













Fig.2.4 – Bingham model: τ = τ + η γ&0 p  (A and B represent two experimental points 
needed to fix the line) 
 
2.2.1 Effect of superplasticizer 
One of the most widely used chemical admixtures is the high range water-
reducing admixture, commonly known as superplasticizer. Superplasticizers are used 
to improve flowability and homogeneity of fresh concrete and to produce high 
performance concretes. It enables dispersion of cement and mineral admixtures. In 
fact, dispersion of agglomerated cement particles is recognized as the primary reason 
by which superplasticizers improve the workability of concrete without increasing the 
water content (Uchikawa et al, 1997; Cabrera and Rivera-Villarreal, 1999; Jolicoeur 
and Simard, 1998). Any admixture capable of adsorbing on the surface of cement 
particles in sufficient quantity will reduce the yield value by deflocculation. 
Additionally, if adsorption produces repulsive charges, the plastic viscosity will 
increase through operation of the secondary electroviscous effect (Tattersall and 
Banfill, 1983). The principal admixtures used in this way are lignosulphonate salts 
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and synthetic superplasticizers of either naphthalene formaldehyde sulphonates or 
melamine formaldehyde sulphontes. In application, the superplasticizers are adsorbed 
on the surface of cement particles in water, typically through the sulphonate groups 
(Ernsberger and France, 1945; Daimon and Roy, 1978). In addition, the 
lignosulphonates and melamine admixtures have atoms (either oxygen or nitrogen) 
capable of forming hydrogen bonds to the surface which deflocculates the cement and 
produces individual particles when used in high concentrations. 
Al-Shakhshir (1988) investigated the effects of a lignosulphonate plasticizer 
on various mixes and found that it made no difference whether the admixture was 
added in the mixing water or separately at the same time as the mixing water, but the 
time at which the addition was made had an important influence on the yield stress. 
When addition was made at the same time as the mixing water, g-value (a measure of 
yield stress) was increased by 70% above the value obtained if addition was after 1 
minute of mixing. Penttala (1990), using slump and Vebe tests, obtained similar 
results for concrete with melamine formaldehyde and naphthalene formaldehyde 
sulphonates. In addition to finding that delayed addition resulted in increased 
workability, Al-Shakhshir (1988) also found that delayed addition resulted in 
decreased air content. On a longer time scale, Bloomer (1979) compared the effects of 
adding a superplasticizer at 15th and 30th minute after mixing and found that the g-
value for the latter was about 10-20% lower. Adsorption of the superplasticizer 
molecules on the tricalcium aluminate (C3A) can occur in substantial amounts during 
the early stage of cement hydration. Delayed addition of superplasticizer gives C3A 
time to develop a protective layer of ettringite so that adsorption is reduced and more 
superplasticizer molecules are available for the plastcizing action. Flatt and Houst 
(2001) went further to propose a three-part process to describe the interactions and 
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state of superplasticizers with cement suspensions in a recent study. They suggested 
the formation of an organo-mineral phase, which consume superplasticizer by 
intercalation, coprecipitation or micellization. Delayed addition can reduce the 
consumption, thereby improving the plasticizing effect. 
Loss of workability with time, referred to as slump loss, occurs in all types of 
concrete mixes, whether or not there is presence of chemical admixtures. The slump 
loss is caused by both physical and chemical factors, the former being an increase in 
the number of cement particles per unit volume as a result of dispersion, and the latter 
being the gradual consumption of the dispersant during cement hydration reaction 
(Fukuda et al, 1990). In fact, the rates of increase in g-value and h-value with time 
depend on both the admixture and the cement type (Bloomer, 1979; Rixom and 
Waddicor, 1981; Banfill, 1990). The rates of increase for both g-value and h-value (a 
measure of plastic viscosity) with time when a melamine type admixture is used may 
be two or three times greater than those of concrete with naphthalene-based 
admixtures. For the latter, they are no greater than those of high-workability concrete 
without admixture. Besides this, it was found that the original flowing consistency of 
a high-workability concrete could be regained by adding a second dose of naphthalene 
type admixture after up to 120 minutes (Banfill,1990).  
Influence of superplasticizers on yield stress and plastic viscosity of cement 
paste and concrete has been investigated extensively. Among numerous publications, 
the work of Asaga and Roy (1980) shows that superplasticizers reduce both the yield 
stress and plastic viscosity of the cement paste. Other studies yield similar 
conclusions, namely that superplasticizers decrease the yield stress and plastic 
viscosity, as well as the width of the hysterisis loop (Banfill, 1981; Daimon and Roy, 
1978 & 1979; Baragano and Macias, 1992). At high dosages, the yield stress and the 
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width of the hysterisis loop may be decreased to a point where the cement paste 
follows a near Newtonian behaviour (Asaga and Roy, 1980a). However, using high 
dosages of superplasticizers can often result in segregation of mixes at very high 
workability unless sufficient quantity of fine particles is present (Hewlett, 1976).  
In the case of concrete it was found that increasing the dosage of 
superplasticizer does not affect the plastic viscosity (Banfill, 1990), although the 
influence on the yield stress is the same as on cement pastes. This was confirmed by 
Rixom and Waddicor (1981) in one of the earlier studies, as shown in Fig.2.5 (a). 
Banfill (1981) studied a naphthalene-based and a melamine-based admixtures with 
four different cements and he also found a major effect on the yield stress, but some 
indication of a slight increase in plastic viscosity until the concentration of the 
superplasticizer went beyond 1%. This is shown in Fig.2.5 (b). From there, it was 
noted that Rixom’s mixes are richer in cement and have a slightly coarser aggregate 
grading than Banfill’s, accounting for the differences in the effect on plastic viscosity. 
This was further confirmed by Bloomer (1979) who studied the effects of a standard 
dose of a commercially available melamine admixture on concrete mixtures of three 
cement contents. In the study, he found that the yield stress always decreased with the 
addition of the superplasticizer but at each cement content there was a slight increase 
in the plastic viscosity above that of the control mix. Furthermore, he showed that the 
effect on the plastic viscosity can be reversed by altering the sand content as the value 
of plastic viscosity increases when superplasticizer is added to a 35%-sand concrete 
mix and decreases when added to the 45%-sand concrete mix, using the 40%-sand 
mix as the control. His explanation is, when concrete of low sand content flows, it is 
the flocculated cement in the mix that separates the coarse particles. However, when 
cement is deflocculated by superplasticizer, these coarse particles come closer 
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together and generate greater flow resistance. This increases the plastic viscosity of 
the concrete even though that of the cement paste is reduced. On the other hand, 
concrete of high sand content relies less on the cement because there is enough sand 
to separate the coarse aggregate, so that dispersion of cement does not bring the 
aggregate particles any closer together and the effect of plastic viscosity is dominated 




Fig.2.5 – Effect of superplasticizers on g-value and h-value (Tattersall, 1991) 
 
2.2.2 Effect of air entraining admixture 
 Air entrainment is a process whereby many small air bubbles are incorporated 
into concrete and become part of the matrix that binds aggregate together in hardened 
concrete. The air bubbles are dispersed throughout the cement paste but are not, by 
definition, part of the paste (Dolch, 1984). Air entrainment has been used to protect 
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hardened concrete from damage due to repeated freezing and thawing cycles. The air 
bubbles with typical diameters from 0.02 to 1.0 mm are generated by addition of air-
entraining admixtures (AEAs) (Hewlett, 1998). The entrained air bubbles are 
produced through agitation of the concrete during mixing process and stabilized due 
to reduction of surface tension of water through adsorption of surfactants from the 
AEAs onto the bubbles’ surfaces. Most AEAs are polymeric hydrocarbons that 
terminate in a polar group, typically carboxylic acid or sulfonic acid, both of which 
are anionic surfactants, similar to those of the traditional melamine and naphthalene 
based superplasticizers although their molecular weight is smaller. In using these 
AEAs, the charged sheath of surfactants surrounding each bubble leads to mutual 
repulsion, thus preventing coalescence in the form of larger bubbles and further 
stabilizing the entrained air bubbles. 
 Air entrainment is known to alter the properties of fresh concrete. This 
includes the improvement of workability by increasing slump. It is estimated that the 
slump increases by about 10 mm per 1% entrained air (ACI 211, 1991). 
Comparatively, the air entrained concrete is well known to be more cohesive than 
non-air entrained concrete and has a lower tendency to segregate, whether by bleeding 
of water or separation of aggregate from the mortar matrix (Dolch, 1984; Hewlett, 
1998; Neville, 1995; Page, 1981).  
The orientation of the anionic surfactants from the AEA around the air bubble 
causes its surface to possess negative charges, whereas the cement particles become 
positively charged during hydration due to adsorption of calcium ions (Ramachandran 
and Feldman, 1984).  This results in adhesion of the air bubbles with the cement 
particles and also with oppositely charged zones on aggregate particles. According to 
Kreijger (1980), the compounds of AEA will adsorb onto the cement surfaces through 
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the negatively charged head, which is hydrophilic. The non-polar chain is 
hydrophobic and repels water. This will cause a slight dispersion as shown in Fig.2.6. 
He also proposed that the air bubbles are able to form bridges between the cement 
particles, giving an increased yield value. Once flow occurs, the spherical bubbles 
move easily past each other and the plastic viscosity decreases. This model is 
consistent with results obtained on air-entrained cement pastes (Bruere, 1958). The 
net effect is an aggregate-air-cement-air-aggregate type of bridge, improving the 
cohesion and further stabilizing the air void system (Hewlett, 1998). Such a system 
would permit relatively free motion of fresh concrete in shear with the stabilized air 
bubbles acting like compressible ball bearings. However, observed effect of air-
entrainment by Tattersall and Banfill (1983) suggests that the yield value decreases 
rather than increase as proposed by Kreijger (1980). They suggest that steric 
separation of cement particles by air bubbles is the dominant effect and the bridging 
effect may not build up because of air bubbles interfering with inter-particle contacts. 
A recent study by Struble and Jiang (2004) indicated that the yield stress of cement 
paste increases with increasing air entrainment. This is consistent with what Kreijger 
(1980) suggested. The same study shows that the plastic viscosity increases with air 
entrainment in cement paste with superplasticizer, but decreases with air entrainment 
in cement paste without superplasticizer. 
 
Fig.2.6 – Structure of air-entrained cement paste (Kreijger, 1980) 
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It is also believed that the mass of the cement particles attracted around each 
air bubble helps to disperse the air bubbles in the mixture and reduces the tendency of 
air bubbles floating to the surfaces while, in turn, the floatation force of the air 
bubbles decreases the possibility and rate of settlement of cement particles (Du and 
Folliard, 2005) and aggregate in normal-weight aggregate concrete. In lightweight 
aggregate concrete (LWAC), however, the floatation forces of the air bubbles and 
lightweight aggregates are in the same direction, thus air entrainment may have 
significant effect on the stability of fresh LWAC. 
From the literature, it appears that although there are some exceptions, it may 
be reasonable to acknowledge that the major effect of adding a superplasticizer is on 
the yield value, with little or no effect on the plastic viscosity (Gjørv, 1998). This 
means that a series of mixtures of increasing superplasticizer content, with other 
factors remaining constant, will produce a series of parallel flow lines as shown in 
Fig.2.7 (a). On the other hand, air entrainment will affect the plastic viscosity more 
than the yield value (Gjørv, 1998). Therefore, a series of flow curves with different air 
content in concrete should be fan-shaped as shown in Fig. 2.7 (b). 
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2.3 Coaxial-cylinders rheometer – The BML Viscometer 
One of the earliest rheometers introduced by Tattersall (1973 & 1973a) in 
1973, and thereby called the Tattersall two-point workability device, put a milestone 
forward in the field of concrete rheology. Since then, numerous researches and 
modifications to the two-point test were done (Tattersall and Bloomer, 1979; Cabrera 
and Hopkins, 1984; Wallevik and Gjørv, 1990). Today, there are at least 3 different 
types of commercially available concrete rheometers in the world (Ferraris and 
Brower, 2001 & 2003a). The main types of rheometers consist of the coaxial-
cylinders type, parallel-plates type and impeller-type. 
The rheometer used in this study for the evaluation of the concrete rheological 
parameters is the ConTec BML Viscometer 3 as shown in Fig.2.8. The BML 
viscometer (Mork, 1996; Gjørv, 1998) is a coaxial-cylinders rheometer that is based 
on both the Power and Wiler plastometer (Powers 1968; Wong et al. 2000) and the 
Tattersall two-point workability device. This viscometer can be used for coarse 
particle suspensions such as cement paste, mortars, and concrete. The BML 
viscometer is intended for flowable concretes with slumps greater than 120 mm and 
can be used for self-compacting concretes (Wallevik O.H., 2003). The device has also 
been used successfully for low slump concretes with slumps of 50-60 mm (Mork, 
1996; Wallevik O.H., 2003). It has a stationary inner cylinder that measures torque as 
the outer cylinder rotates at variable angular velocity ωo (Fig.2.9). The test sample is 
placed in the annulus between the two cylinders. It was developed in Norway in 1987 
after six years of intensive work with the Tattersall Two-point workability device 
(Wallevik O.H., 1990; Wallevik O.H., and Gjørv, 1990a). The instrument is fully 
automated and controlled by computer software. 
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Fig.2.9 – Principle of the coaxial cylinders viscometer (Tattersall, 1991) 
 
The coaxial cylinder measuring system consists of an outer cylinder, the mix 
container, an inner cylinder unit and a top-ring (Fig.2.10). The inner and outer 
cylinder sizes can be changed based on the size of the aggregate in the material being 
tested. Figure 2.11 shows the top and cross sectional view of the inner and the outer 
cylinders, respectively. Both cylinders contain ribs to prevent slippage (Fig.2.12). The 
outer cylinder is mounted on a rotating disk on the instrument where guide-ribs on the 
disk make sure that it is seated correctly. The inner cylinder which registers the 
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torsion-moment is lowered into the outer cylinder by a hydraulic system. At a 
constant angular velocity, the shear rate in the concrete is non-uniform at the bottom 
of the outer cylinder. Hence, the inner cylinder is constructed as a two component 
unit, the bottom unit which is fixed at the mounting point of the inner cylinder and the 
upper unit which is free to rotate against a load cell that registers the torsion-moment. 
This arrangement of a two unit inner cylinder will virtually eliminate the effect of 
three-dimensional shearing at the bottom of the inner cylinder and therefore requires 
no special correction as to the bottom effect. The top-ring is fitted over the inner 
cylinder (Fig.2.10). The purpose of the top-ring is to ensure a constant height of the 
inner cylinder in relation to the sample mix in the outer cylinder. The top-ring also 
minimises additional shearing at the top of the inner cylinder caused by surface 
tension. The device is operated at various fixed speeds. A computer software package 
converts the output data to values for flow resistance g-value and relative viscosity h-
value, which can be related to yield stress and plastic viscosity respectively, through 















Fig.2.10 – The assembly of the inner cylinder unit and the top ring 
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 Outer cylinder with ribs
Outer cylinder 





Rigid cone to avoid
end effects
Ribs
Fig.2.11 – Top view (left) and cross section (right) of the viscometer cylinders 




Fig.2.12 – Inner and outer cylinder showing the ribs to prevent slippage 
 
2.3.1  Principles of measurement in BML viscometer 
During the test, the outer cylinder rotates at different angular velocities ωo and 
the torque due to shear resistance of the test material that is necessary to keep the 
inner cylinder stationary is measured (Figs.2.9 and 2.11). As shown in Fig.2.10, the 
inner cylinder unit consists of three parts. This includes the upper unit that measures 
torque, the lower unit, and the top ring. The function of the lower unit is to eliminate 
the influence of shearing from the bottom plate of the outer cylinder. In this way, 
height independence can be assumed and this will simplified the process for 
mathematical deduction of effective shear rate in the test material.  The function of 
the top ring is to keep a constant height H (Fig.2.10) where torque is measured. 
Furthermore, the inner and outer cylinder consists of ribs aligned as a cylinder 
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(Fig.2.11, left). This leads to a greater cohesion between the two cylinders and the test 
material in-between. This configuration also reduces the danger for slippage.  
In the evaluation of the flow properties of fresh concrete using the coaxial 
cylinders viscometer, the following general equation (Tattersall, 1991) is adapted: 
T = (g-value) + (h-value).N     (2.8) 
where T is the measured torque at rotational speed N, g-value is the intercept, and h-
value is the gradient of the relationship. The measured torque is a function of the 
viscosity (or the extent of flowability) of the test material and the rotational speed of 
the outer cylinder (N). The outer cylinder rotates at the angular velocity ωo = 2π.N. 
Also, the g-value is known as the flow resistance of the concrete and is a measure of 
the force necessary to start the movement of the concrete. The h-value is the relative 
viscosity and is a measure of the resistance of the concrete against an increased speed 
of the movement. Furthermore, it has been shown that the g-value is a measure of the 
yield stress while the h-value is a measure of the plastic viscosity, these being the two 
parameters that can be used to describe the workability of a material whose behaviour 
fits the Bingham model given by Equation (2.4). Although the g-value and h-value do 
provide measures of the yield value and plastic viscosity, respectively, their actual 
numerical values also depend on characteristics of the apparatus used, specifically on 
the design and dimensions. Therefore, the rheological parameters of the yield stress 
and plastic viscosity are used in favour to the g-value and h-value in the current study 
so as to eliminate this dependency. When measurement of rheological parameters is 
conducted on a Bingham fluid by measuring the torque on the inner cylinder at 
different angular velocities, the resulting relationship is a linear one. Figure 2.13 
shows a typical screen shot of the chart in the BML viscometer software. The chart is 
plotted on T-N axis. Substituting the slope (h-value) and the intercept (g-value) in the 
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Reiner-Riwlin Equation (2.9) with some mathematical manipulation, the plastic 
viscosity and yield stress of the tested material can be calculated. 
 
Fig.2.13 – A typical chart of torque-rotational speed in BML viscometer software. 
 
  For a sample conforming to the Bingham model, the flow can be described by 



































H4T    (2.9) 
where ωo is the angular velocity of the outer cylinder (rad/s), H is the effective height 
of the inner cylinder (m) as shown in Fig.2.11, Ri the radius of the inner cylinder (m), 
and Ro the radius of the outer cylinder (m), according to Fig.2.9. By substituting ωo 


























T    (2.10) 
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π=     (2.12) 
Therefore, the units of g-value and h-value can be transferred into fundamental units 








































=η      (2.14) 
Wallevik J.E. (1998) has given a detailed mathematical derivation of the above 
rheological equations for the coaxial cylinders viscometer. 
 The effective shear rate γ  varies with position r (measured from centre of 
cylinders) in the annulus, and may be calculated from τ
&





τ−πη =     (2.15) γ&

























τ+ω−=γ −&    (2.16) 
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From Equation (2.16), the shear rate is not a constant within the test sample as it 
varies with position r, measured from the centre of the cylinders. The shear rate is the 
greatest at the region nearest to the inner cylinder, i.e. at Ri, and decreases outward 
towards the outer cylinder. In terms of possible suspended particle migration within 
the test sample, it is always from the region of high shear rate to the region of low 
shear rate (Barnes et al. 1989). As such the gradient of the shear rate 
dr
dγ& is an 
important factor that influences the rate of particle migration. The gradient of the 



































d&    (2.17) 
With increasing angular velocity ωo, the difference in the shear rate will increase, 
which results in a higher likelihood of particle migration leading to segregation of the 
test sample during the measurement. Hence, the shear rate during testing of concrete 
should be kept low to minimise segregation of the test sample. The range of shear rate 
usually encountered in practice is shown in Fig.1.2.  
 Based on Equation (2.16), the calculated shear rate experienced by the 
concrete sample at the interface of the inner cylinder (r = 0.1 m) ranged from about 2 
to 22 s-1 in the current study, depending on the rheological parameters of the tested 
concrete mixtures. According to Fig.1.2, this range corresponds to the typical 
processing operations encounter in the handling of concrete, such as pouring, mixing 
and pumping.  
2.3.2 Limitations in measurement of rheological parameters of fresh concrete 
Concrete is a heterogeneous material consisting of a high content of coarse 
aggregates suspended in a mortar matrix made up of finer aggregates (typically 75 μm 
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to 4.75 mm according to ASTM C125) and cement particles. Due to the nature of 
fresh concrete, there are some limitations in the measurement of rheological 
parameters of fresh concrete that are not present in classical fluid rheology. In order to 
have meaningful measurements and results, it is essential to minimise spatial 
segregation in the concrete. This can be done by ensuring that the concrete mixtures 
have continuous grading size in the aggregates and sufficient fine particle proportions 
(Ferraris and Brower, 2001). The particle size distribution of the aggregates in the 
current study is presented in Chapter 3, Section 3.2 (page 58) and Table 3.4.  
When a fluid is under shear, it is normal to assume that the velocity gradient in 
the test sample is continuous up to the interface. This means that the velocity between 
two parallel plane surfaces in the fluid varies with distance between the surfaces. The 
assumption is valid for Newtonian fluids such as some oil and water. However, with 
granular suspensions such as fresh concrete, an interfacial layer will form in the 
vicinity of the wall due to exclusion of coarse particles. This causes the material to 
have a higher fluid content than the bulk of the suspension. Thus, this facilitates a 
sliding motion during shearing of the concrete in a rheometer, known as slippage. 
When this happens at low shear rate, the concrete moves as a whole mass known as a 
plug flow. In the case of a coaxial-cylinders rheometer, the slippage is likely to occur 
along the interior wall of the outer cylinder and the surface of the inner cylinder, both 
of which are in contact with the test sample in the shear zone. This is shown in 
Fig.2.11 (left) indicated by the region between the inner and outer cylinder where 
possible plug flow may occur. Various authors have proposed the following model to 
describe this phenomenon (Morinaga, 1973; Browne and Bamforth, 1977), which is 
well known in the pumping technology of concrete: 
τ = τ0,i  + ηi. vg     (2.18)   
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where τ is the shear stress, τ0,i is the interfacial yield stress, ηi is the interfacial 
viscosity, and vg is the sliding velocity. The interfacial yield stress is always smaller 
than the yield stress of the concrete. Thus, when a shear force is applied to the 
concrete, the bulk of the material will start sliding along the wall with no shear within 
the concrete. The concrete will start to shear only when the shear stress exceeds the 
yield stress after the sliding velocity increases beyond a certain level. In general, the 
measured rheological parameters will be lower than the actual values when slippage 
occurs during the measurement. 
 Besides this, particle migration within the concrete mass during shearing is 
another factor that will affect the accuracy of the measurement of the rheological 
parameters. The degree of the particle migration is possibly affected by three factors. 
These include the collision rate between the particles, dilatancy of the concrete, and 
the confinement effect (Ferraris and Brower, 2001). The discussion that follows is 
applicable to the BML rheometer. Firstly, the rate of collision between the particles is 
proportional to applied shear rate. From Equations (2.15) and (2.16), the shear rate is 
highest at the shear zone next to the inner cylinder. During shear of concrete, the 
particles will tend to be pushed away from the region of high collision rate to region 
of low collision rate. This means that the coarser particles will move outward towards 
the outer cylinder, as well as inward into the serrated region of the inner cylinder. 
There is also a possibility that the coarser particles may migrate downward to the 
bottom of the outer cylinder. When this happens, the concrete in the shear zone next 
to the inner cylinder (region of highest shear rate) will have a higher mortar content. 
 Another physical phenomenon that could be present at the same time during 
shearing is the effect of dilatancy in the concrete. During particle migration, there is 
an exchange of moving particles within the concrete mass. Thus, for the coarse 
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aggregates to migrate towards the regions of lower shear rate, the mortar matrix from 
these regions will have to move into the zone of highest shear rate to replace the 
coarse aggregates. This phenomenon is confirmed by Mork (1994). The degree of 
dilatancy in the concrete is dependant on the volume of dead zone, which is the region 
outside the shear zone. Generally, dilatancy in the concrete will increase during the 
measurement when the volume of dead zone is increased. 
 Finally, the confinement effect becomes apparent when the ratio of the gap 
between the outer and inner cylinders (i.e. the shear zone) relative to the maximum 
size of the coarse aggregate (Dgap / D ) is low. When the D  / Dmax gap max is below 4 to 5, 
perturbation may take place in the measurements of rheological parameters (Ferraris 
and Brower, 2001). When the gap in the shear zone is narrow, bridging of coarse 
aggregates can occur during shearing of the concrete. This happens when the coarse 
aggregates are close enough to form an interlocking link across the shear zone 
between the outer and inner cylinders (Fig.2.14). This causes an abnormally high 
torque to be registered during shearing of the concrete, giving rise to higher measured 
rheological parameters than the actual ones. This is especially so when the 
measurement is performed under confined condition. A confined condition occurs 
when the ratio between volume of the concrete in the shear zone and total volume of 
the tested concrete (V  / Vs t) is high. This also means that the amount of dead zone (i.e. 
the region outside the shear zone) available for the migration of the coarser aggregates 
is low. Thus, in a confined condition, the aggregates in the concrete have lower 
tendency to migrate out of the shear zone. On the other hand, the measured 
rheological parameters obtained under an unconfined condition may be lower than the 
actual values due to significant migration of the coarser aggregates into the dead zone. 
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 In view of the limitations in the measurement of rheological parameters of 
fresh concrete, certain measures were taken to minimise the possible inaccuracies of 
the measured rheological parameters in the current study. This will be presented in 






Fig.2.14 – Bridging of coarse aggregates during shearing of fresh concrete in a 
coaxial-cylinders rheometer with rotating outer cylinder 
 
2.4 Slump of fresh concrete 
In practice the slump test is the most commonly used test that provides an 
indication for variations in the uniformity of a fresh concrete mixture of a given 
nominal proportion due to its simplicity, and is prescribed by ASTM C143 in the 
United States and EN 12350-2 in Europe. The apparatus consists of a 300 mm height 
truncated metal cone with top diameter of 100 mm and base diameter of 200 mm. The 
procedure to carry out the test involves filling the cone in three layers of equal 
volume. Each of the layers is rodded 25 times, and the final layer is struck off and 
levelled. The cone is then lifted upward vertically to allow the concrete sample to 
slump down under the influence of gravity. Being a viscoplastic material, the concrete 
stops flowing downward when the shear stress due to the self-weight of the concrete 
is less than the yield stress, i.e. τ < τ . Hence, it is not surprising to expect that there is o
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a correlation between the slump and the yield stress of the concrete. However, the 
slump test cannot directly measure the workability of concrete (Neville, 1995). This is 
because concrete having the same slump may show different flow behaviour. The 
reason is due to the fact that workability of concrete is influenced by at least two 
factors, which are the yield stress and the plastic viscosity. These rheological 
parameters may only be determined when concrete is subjected to at least two 
different shear rates. During the slump test, the concrete is subjected to only one shear 
rate (Tattersall, 1991). 
Published research shows that the slump is negatively correlated with the yield 
stress but not correlated with the plastic viscosity (Tattersall and Banfill, 1983; 
Ferraris and de Larrard, 1998a). In using a ‘two-point’ method developed by 
Tattersall, Scullion (1975) found out that the slump has a negative power-law 
dependency on the yield stress and is largely independent of the plastic viscosity. 
Morinaga (1973) also found an inverse relationship between the slump and yield 
stress using a coaxial-cylinders concrete rheometer. Murata (1984) confirmed the 
results of Morinaga for both normal and lightweight concrete. He, too, suggested that 
the plastic viscosity does not influence the slump. In another study using finite 
element analysis to simulate the effect of the rheological parameters on the slump 
values of heavy-weight, normal-weight, and lightweight concrete, Tanigawa et al. 
(1986) found that the slump increases with decreasing the yield stress and plastic 
viscosity, although the slump is more sensitive to the yield stress than the plastic 
viscosity. When Tanigawa compared the results from the finite element analysis with 
experiments, he suggests that the slump is hardly related to the plastic viscosity but 
closely related to the yield stress (Tanigawa et al., 1986a). His experimental data was 
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based on 21 mortar mixtures with different water-to-cement ratios and plastic 
viscosity from about 50 to 80 Pa·s.  
In view of the strong evidence that the yield stress of concrete is related to the 
slump, equations have been developed for calculating yield stress in terms of slump, 
based on either analytical or experimental analyses. Some of the researchers have 
proposed graphs that show the relationships between the slump and the rheological 
parameters, which are the yield stress and the plastic viscosity (Tanigawa and Mori, 
1989; Tanigawa et al., 1990). From there, it is evidential that the slump is more 
sensitive to the yield stress than to the plastic viscosity. Murata and Kikukawa (1992) 
have proposed an equation that relates the slump with the yield stress as follows: 
 = 714 – 473 log (S / 10)     (2.19) τo
where S is the slump (mm). This relationship is based on numerous experiments and 
the yield stress is measured by a coaxial cylinders rheometer. According to de Larrard 
(1999), it is shown from a dimensional analysis that the slump is governed by the term 
τ0 / (g ρsg), where g is gravitational acceleration (m/s2) and ρsg is specific gravity 
(dimensionless) given by (ρ / ρw) in which ρ is density of fresh concrete (kg/m3 ) and 
ρ o 3w is density of water at 4 C (equals to 1000 kg/m ).  
Besides this, some of the other equations proposed are based on finite element 
simulations and verified using experimental results (Hu et al., 1996; Kurokawa et al., 
1994) while others are based on the fittings of experimental data sets (Ferraris and de 
Larrard, 1998a). These equations have a common form: 
B
ρτ0 = (Α – S) + C    (2.20) 
where S is slump (mm); τ0 is yield stress (Pa); ρ is density of fresh concrete (kg/m3); 
and A, B, C are constants to be determined either by data fitting or simulation. The 
equation proposed by Kurakawa et al. (1994) are:  
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303
ρτ0 = (300 – S)    (2.21) 
while the equation proposed by Hu et al. (1996) are:  
270
ρτ0 = (300 – S)    (2.22) 
Equation (2.22) was established from concrete with the slump from zero to 250 mm, 
based on a parallel-plates rheometer. An experimental study was also done on 
concrete with the slump above 100 mm to verify the results of Equation (2.22), and 
the results showed satisfactory agreement between the equation and yield stress 
measurements from a parallel-plates BTRHEOM rheometer. In addition, the 
correlation between the slump and yield stress in Equation (2.22) is poor when the 
plastic viscosity of concrete exceeds 300 Pa·s where the plastic viscosity sufficiently 
slows flow and causes thixotropy, resulting in a reduction of the actual slump value 
(Hu et al., 1996). The plastic viscosity, however, is not taken into account in the 
Equation (2.22). Based on additional experimental measurement with the BTRHEOM 
rheometer, Ferraris and de Larrard (1998a) modified Equation (2.22) with their 
experimental results as follows:  
347
ρτ0 = (300 – S) + 212    (2.23) 
A comparison of Equations (2.19), (2.22) and (2.23) are shown in Fig.2.15. 
The yield stress used for establishing the last two equations is measured by the 
parallel-plates BTRHEOM rheometer while the first one is from a coaxial-cylinders 
rheometer. It is observed from the figure that the yield stress measured by the parallel-
plates BTRHEOM rheometer is higher than that measured by the coaxial-cylinders 
rheometer. In recent years, attempts were made to compare the different types of 
rheometers that are available commercially. From one of these studies, it is found that 
   - 42 -
the yield stress of the normalweight aggregate concrete (NWAC) measured by the 
coaxial-cylinders BML rheometer, which was used in the current study, is related to 
the yield stress measured by the parallel-plates BTRHEOM rheometer in the 
following equation (Ferraris and Brower, 2001): 
τ0 (BML) = 0.5τ0 (BTRHEOM) – 122 Pa   (2.24) 
The relationship between the yield stress and the slump based on the experimental 
data from that study is given in Fig.2.16. Both Fig.2.15 and Fig.2.16 show that the 
yield stress measured by the coaxial-cylinders rheometer is lower than that measured 
by the parallel-plates rheometer for the same concrete mixture. In addition, the figures 
also show that the difference in the yield stresses measured by the different types of 
rheometer decreases as slump increases. Since different types of rheometer measure 
different absolute values for the yield stress of the same concrete mixture, the 
experimental equations are largely dependent on the specific device used to measure 
the yield stress. 
 
 
Fig.2.15 – Comparison of equations relating yield stress and slump where the yield 
stress of the first 2 equations is measured from the parallel-plates BTRHEOM 
rheometer while the last one is from a coaxial-cylinders rheometer (ACI 236A, 2005) 
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y = -5.1x + 1300
R2 = 0.92





















Fig.2.16 – Relationship between yield stress and slump of non-air entrained 
normalweight aggregate concrete measured by the BML and BTRHEOM rheometer 
(Data from Ferraris and Brower, 2001 & 2003a) 
 
Wallevik J.E. (2003) investigated the rheology of fresh concrete with w/c of 
0.4, 0.5 and 0.6, and various types of lignosulfonate-based superplasticizers. The sand 
to aggregate ratio (S/A) in the concrete was 0.35. He also indicated that the slump is 
more sensitive to the yield stress than to the plastic viscosity measured by the BML 
rheometer. In addition, he found that as the w/c increases, the slump of the concrete 
decreases at similar yield stress, as shown in Fig.2.17. He believes that it is probably 
due to a decrease in the volume of binder (cement paste + superplasticizer) in the 
concrete as the w/c increases, leading to a reduction of the spacing between 
aggregates. Hence, a self-bearing network of aggregates can form more easily during 
the slump test due to mechanical interlocking of the aggregates. The same network, 
however, can be broken up in the applied shear environment during the rheological 
test with the BML rheometer. From the figure, it is also observed that the difference 
in the yield stress of the concrete with different water-to-cement ratios decreases as 
the slump increases, which is similar to the trend observed from Fig.2.15. 
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 τ0 = 416
ρ (300 – S) – 394 
       w/c 0.4 
 w/c 0.5 
 w/c 0.6 
Fig.2.17 – Relationship between yield stress and slump showing that slump decreases 
at constant yield stress as w/c increases due to decrease in average inter-aggregate 
spacing (Adapted from Wallevik J.E., 2003) 
 
According to the results from the concrete with a w/c of 0.4, Wallevik J.E. 
(2003) proposed the equation relating the yield stress to the slump as follows: 
416
ρτ0 = (300 – S) – 394    (2.25) 
The same equation may be rewritten as: 
ρ
416S = 300 – ( τ0 + 394)     (2.26) 
In order to establish a relationship that is applicable to the other concretes with w/c of 
0.5 and 0.6, an additional term is added to Equation (2.26) such that the equation 
becomes: 
ρ
416S = 300 – ( τ0 + 394) – 0.0077(τ  – 200)(320 – V )  (2.27) 0 b
where Vb is the volume of binder (litre/m3). For the concrete with the w/c of 0.4, the 
volume of the binder was 320 litre/m3, i.e. V  = 320. Hence, the term [– 0.0077(τ0 – b
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200)(320 – Vb)] becomes zero. The volumes of binder for the concrete with w/c of 0.5 
and 0.6 were 305 and 295 litre/m3, respectively. For the current study, the same 
relationships between the slump and the rheological parameters of the LWAC 
measured with the BML rheometer are presented in Section 4.6 (page 99). 
 
2.5 Vibration of fresh concrete 
It is well known that the effect of applying a vibrating force to concrete is to 
increase its workability for consolidation. For decades it has been common practice to 
exploit this on site to assist in the placing and compaction processes. The practical 
benefit is that either a given concrete may be handled more easily than it could 
otherwise be, or alternatively, the mix specification can be modified to achieve 
reduced cost without losing desirable properties of the hardened concrete. 
The mathematics of practical vibrating systems can be quite complicated but it 
is useful to consider the simplest form, which can be represented by the sine wave 
equation (ACI 309, 1993): 
y = s sin ωt = s sin 2πf t                                         (2.28) 
where s is the amplitude (mm), ω is the angular velocity (rad/s), f is the frequency 
(Hz), and t is the time (s). From Equation (2.28), the maximum velocity and 
acceleration may be derived from its first and second derivative respectively, and is 
given by: 
= 2πfs cos 2πf t = v cos 2πf t                                  (2.29) y&
where v = 2πfs and is the maximum particle velocity (mm/s), and 
y&&  = 4π2f 2s sin 2πf t = a sin 2πf t                              (2.30)  
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where a = 4π2 2f s and is the maximum acceleration (mm/s2) during oscillatory motion. 
The vibratory acceleration in Equation (2.30) may be normalized in terms of number 
of gravitational acceleration given by: 
81.9
4 22 sfg a
π=       (2.31) 
where ga = normalised vibratory acceleration. 
 Dimond (1980) used the two-point workability device, which was an impeller-
type rheometer to obtained results on Newtonian oils, pseudoplastic carboxymethyl 
cellulose solutions, dilatants cornflower pastes, laponite suspensions and cement 
pastes. From the results, he was able to draw three conclusions. Firstly, there was no 
effect of vibration on the rheological properties of the first three materials, i.e. the 
materials without any yield value. Secondly, there was a marked effect on the yield 
values of the laponite suspensions and cement pastes. Thirdly, when vibration did 
have an effect, the effect was immediate, and was also instantaneously reversible. 
This means that switching on the vibrator caused an immediate drop in torque and 
switching it off caused the torque to return immediately to its original value. Tattersall 
(1985) investigated cement pastes using the same device and found that for any 
impeller rotation speed N, the torque under vibration, Tv, was related to the torque for 
the unvibrated cement paste, T, by the simple relationship 
Tv / T = K. N kv                                                                              (2.32) 
where v is the maximum velocity of the vibration as given by equation (2.29), and K 
and k are constants for the particular experimental set-up. He indicates that the effect 
of vibration in the cement pastes depended only on the maximum velocity and not on 
the frequency and amplitude separately. It was also independent of the water/cement 
ratio of the paste.  
   - 47 -
 For consolidation of concrete, energy transmitted to the concrete is an 
important parameter. The energy equation, postulated by Kirkham and White (1962), 
states that: 
2 3w = cms f t     (2.33) 
where w= energy (J),  c = constant, depending on stiffness and damping in concrete; 
m = concrete mass (kg),  s = amplitude (m), f = frequency (Hz),  and t = time (s). The 
equation is a function of vibratory amplitude and frequency, which are also related to 
the vibratory velocity and acceleration, given in Equations (2.29) and (2.30), 
respectively. The total energy transmitted to the concrete increases as the duration of 
vibration increases. According to Walz (1960), the energy Equation (2.33) is 
applicable to table vibration. Just as ordinary observation on site indicates that 
unvibrated fresh concrete possesses a yield stress because it can stand in a stable pile, 
it is also logical to deduce that the application of vibration reduces that yield stress to 
an extent that the material can flow under its own weight. Under vibration fresh 
concrete is able to flow around obstructions, such as reinforcement, to fill up the 
formwork on the one hand. On the other hand, the aggregate-holding ability decreases 
and relative movement of the aggregates within the mortar matrix may take place. 
These happen as the yield stress of the concrete is reduced to a level low enough for 
flow to occur. The process is known as fluidisation of concrete. Alexander (1977) 
found that when concrete of normal consistency is subjected to vibration the response 
of the concrete is dependent on its mass and is characterized by high stiffness and 
damping at low vibratory intensities. However, at high vibratory intensities, the 
concrete behaves like a fluid and is affected only by mass with little effect of stiffness 
and damping in the concrete.  
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 In 1948, L’Hermite and Tournon (1948) reported their research on the 
mechanism of consolidation and stated that friction between individual particles is the 
most important factor preventing consolidation, and that this friction is practically 
eliminated when concrete is in a state of vibration. Since concrete mass is the only 
factor affecting the response of concrete during high vibratory intensity according to 
Alexander (1977), Newton’s second law is applicable (ACI 309, 1993): 
F = ma     (2.34) 
where F = force (N), m=concrete mass (kg), and a=acceleration (m/s2). From the 
equation, it is deduced that vibratory acceleration is a major factor affecting response 
of concrete during vibration of sufficiently high intensity with little effect of stiffness 
and damping in the concrete. This happens as yield stress is reduced to near zero and 
net movement of particles in concrete takes place. Walz (1960) showed that reduction 
in internal friction of concrete is primarily the result of acceleration produced during 
vibration. Furthermore, Kirkham (1963) found that the force applied to the concrete 
(i.e. F=ma), as well as vibratory amplitude and frequency, were the most important 
factors affecting the degree of consolidation. Also, Taylor (1976) published his results 
of  extensive laboratory tests on the effect of different parameters of internal vibrators, 
and concluded that acceleration and amplitude were the most important parameters.  
Tattersall et al (1983 and 1988) used the two-point workability device to 
measure the unvibrated concrete as well as on the same sample when it was being 
vibrated. The results obtained are of the form shown in Fig.2.18. The curve for the 
unvibrated concrete is the usual straight line described by Equation (2.8). The curve 
of the vibrated concrete is not linear and appeared to start at, or near to, the origin. 
This implies that concrete under vibration behaves like a power law pseudoplastic 
material and has zero yield value. This relationship is later confirmed by Kakuta and 
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Kojima (1989 and 1990). Furthermore, it is suggested that over the full range of shear 
rates a better fit may be obtained using a power law for the lower half of the curve and 
a straight line for the upper portion. Also, it is found that structural break down 
occurred by the vibration such that the curve with increasing shear rate almost agreed 
with the curve with decreasing shear rate as shown in Fig.2.19. This means that 





Fig.2.18 – Effect of vibration on concrete flow curve (Tattersall and Banfilll, 1983). 
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 Fig.2.19 – Flow curve of vibrated concrete showing no thixotropic behaviour as 
compared with the unvibrated concrete (Kakuta and Kojima, 1990). 
  
The power law behaviour may be represented by the fundamental equation 
(2.2), or by the apparatus-dependent equation (Tattersall, 1991): 
Tv  = Kv N n                                                    (2.35)  
where T is torque, N is rotation speed, the suffix v denotes under vibration, and K and 
n are constants. Furthermore, the lower end of the flow curve in the power law 
pseudoplastic relationship (Fig.2.18) may be approximated closely by a straight line 
passing through the origin.  This means that at low shear rates the vibrated fresh 
concrete behaves as a simple Newtonian liquid as shown in Fig.2.20. This was 
verified by Tattersall and Baker (1989) in a vertical pipe experiment in which fresh 
concrete was allow to flow under its own self-weight during vibration. This 
conclusion has important practical implication because in most normal practise in 
which vibration is used, the vibrated concrete is allowed to flow and compact under 
the influence of its own self-weight. This occurs at very low rates of shear.  
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Banfill et al. (1999) found that the rheology (i.e. the yield stress and plastic 
viscosity) of the unvibrated concrete governs its response to vibration and further 
suggested that movement of the fresh concrete and that of particles within the 
concrete occurs when the energy input by the vibratory wave is sufficient to overcome 
the force of attraction between the cement particles to reduce the yield stress. Besides 
this, there is also a minimum amplitude for given concrete below which vibration has 
no effect and the yield stress of the fresh concrete is not reduced sufficiently for 
movement to occur (Tattersall and Baker, 1989). This is independent of vibration 
duration. In addition, the maximum velocity of the vibration was found to influence 
the effectiveness of vibration. The results are consistent with Alexander’s (1977) in 
that the vibratory intensity must be sufficiently high in order to overcome the stiffness 
and damping in concrete. Hence, it may be deduced that the stiffness and damping in 
concrete under vibration are related to its yield stress and plastic viscosity, implying 
that the constant c in the energy Equation (2.33) is also related to the yield stress and 
plastic viscosity of the fresh concrete. 
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In the vibration of fresh concrete, relative movement of the aggregates to the 
mortar matrix may occur under certain conditions. Fresh concrete may be considered 
as a two-phase composite material with coarse aggregate particles in a continuous 
mortar matrix. For concrete used for structural purposes, the density of mortar matrix 
is typically 2000 – 2200 kg/m3 depending on w/c and mixture proportion of the 
concrete. For NWAC, the density of coarse aggregate particles is typically 2600 – 
2700 kg/m3. Thus the density difference between the coarse aggregate and mortar 
matrix is not greater than 700 kg/m3. For structural LWAC, however, the particle 
density of coarse aggregate typically ranges from 600 to 1700 kg/m3 (EuroLightCon, 
1998). Thus the density difference between the coarse LWA and mortar matrix may 
be as much as 1600 kg/m3 if natural sand is used. Due to this great density difference, 
coarse aggregates in LWAC may move upward relative to the mortar matrix if the 
workability of concrete is not appropriate, resulting in segregation.  
Beris et al. (1985) predicted that a spherical particle would settle in a fluid 
with Bingham plastic behavior only when the dimensionless parameter Yg (referred to 
as the yield stress parameter) is less than 0.143, assuming the spherical particle has a 






g −=      (2.36) 
where R is radius of a sphere, τ is yield stress of fluid, (ρ  -  ρ0 s f)  is the density 
difference between the sphere and fluid, and g is the acceleration due to gravity. Once 
the settlement starts, the movement of a spherical particle in a Bingham fluid may be 







−=      (2.37) 
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where U is its velocity of movement in the fluid, ηp is plastic viscosity of the fluid, 
and C  is the Stokes drag coefficient.  s
From the above, it is apparent that in fresh NWAC the start of settlement of 
coarse aggregate particles depends on the yield stress of the mortar, the density 
difference between the aggregate particles and the mortar, and the size of the coarse 
aggregate. Once movement occurs, the velocity of the settlement is affected by the 
plastic viscosity of the mortar, in addition to the density difference and aggregate size. 
Although the movement of LWA particles in LWAC is upward, the principle 
parameters that affect the stability of the fresh concrete is the same as discussed 
above.  
During vibration of fresh concrete, the yield stress of the mortar matrix is 
reduced to a low enough value such that the coarse aggregate can start to move. Based 
on Equation (2.36), the condition for the aggregate to start moving relative to the 
surrounding matrix occurs when the yield stress parameter is less than 0.143. From 
there, the yield stress may be estimated assuming that the typical aggregate is 10 mm 
in size, and the density difference is 500 kg/m3 (ρs = 2700 kg/m3, ρ  = 2200 kg/m3f ). In 
this case, the yield stress works out to be about 5 Pa, which confirms the results 
reported by the various researchers. In a work by Petrou et al. (2000), their results 
served to reinforce the earlier conclusions that vibration reduces the yield value to 
almost zero and that it is instantaneous and immediately reversible. Also, it was found 
that without vibration, aggregates of typical size does not settle in mortar or concrete 
due to the presence of the yield stress. Further research (Petrou et al., 2000a) 
indicated that even a larger stone remains afloat on fresh mortar without vibration. 
This is mainly attributed to a high enough yield value that prevented the stone from 
sinking.  
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Currently, there is sufficient evidence to suggest that the yield stress of 
concrete is reduced to a very low level during vibration with sufficient energy input. 
On the other hand, there is no general consensus on the effect of vibration on the 
plastic viscosity of concrete. Some researchers have found that under vibration, the 
plastic viscosity of concrete decreases (Petrou et al., 2000), and some specifically 
reported that concrete becomes shear-thinning (Tattersall and Baker, 1988), i.e. a 
decrease in the viscosity with increasing shear rate during steady shear flow, while 
others found the plastic viscosity to be unaffected (de Larrard et al., 1997).  
As the yield stress and plastic viscosity of mortar and concrete are closely 
related, reduced yield stress and plastic viscosity of concrete and increased density 
differences between coarse aggregate particles and mortar would increase the risk of 
segregation according to Equations (2.36) and (2.37). On the other hand, reductions in 
the yield stress and plastic viscosity will improve the workability of fresh concrete 
from a flow perspective. Thus, in design of concrete mixtures there is a need to strike 
a compromise to achieve required workability with minimum segregation of the 
concrete. 
 
2.6 Water absorption of lightweight aggregates 
The surface properties of the aggregates affect the workability of concrete and 
the bond between paste and aggregate. It has been shown that the surface properties of 
lightweight aggregate (LWA) vary greatly among difference types of LWA (Zhang 
and Gjørv, 1991). Some of the expanded clay aggregates produced in rotary kilns 
have a distinct difference between the relative dense outer shell and the porous 
interior. For example, denser aggregate (Liapor 8) has shell that is thicker than that of 
the lighter one (liapor 7). However, for the fly-ash based-aggregate produced on 
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sintering strand there is no distinct difference in structure.  The differences in 
porosity, and in particular the surface properties, govern the behaviour of the LWA in 
concrete, especially in the water absorption in fresh concrete.  
LWA is well known for their ability to absorb water. Different types of LWAs 
absorb water at difference rates. Initial moisture content is important in determining 
the water absorption rate of the aggregates. The LWA used in this study were all 
expanded clay type, which is available commercially. It must be noted here that the 
water absorption depends on interconnection between pores rather than total porosity 
of LWA (Weigler et al., 1972). The Dutch Concrete Society (1979) reported that full 
saturation is not practicable even after hours of immersion.  
One important effect of the aggregate water absorption is the loss of concrete 
workability (Punkki and Gjørv, 1995; Asgeirsson, 1994). Another effect is the 
reduction of effective water-binder ratio (w/b) as water penetrates into the LWA 
during setting (Hammer et al, 1992). The rate of initial absorption is important to 
foresee the loss of workability of the fresh concrete (Weigler et al., 1972).  
LWA may be batched in the concrete mixture either pre-soaked or dry. Pre-
soaked LWA, having a higher particle density, will increase the density of fresh 
concrete. On the other hand, dry aggregates will have a higher initial water absorption 
rate. The additional water added during mixing for the absorption of the dry 
aggregates will contribute towards the segregation and bleeding potential of the 
concrete mixture. In mixture design, water absorption by LWA during setting is often 
assumed to be equivalent to that absorbed in pure water for 1 hour. However, the 
water absorption in concrete may vary (Punkki and Gjørv, 1995). In Norway, 90-
100% of the 1-hour value is often used when applying LWA for making estimations 
of the effective w/b (Hammer et al, 1992). In Germany it is recommended to consider 
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twice the volume of the absorption after 30 minutes immersion in pure water as the 
amount that will be absorbed during the actual mixing process. The details on the 
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3 EXPERIMENTAL DETAILS 
 
3.1  Introduction 
In the first part of this chapter, details on the constituents that made up the 
LWAC, the mixture design, and preparation of the fresh concrete are described. Next, 
various test methods used in this study are presented, including how the rheological 
parameters and the segregation of the fresh LWAC were determined. Finally, the 
methodology is included at the end of the chapter to outline the approaches used to 
achieve the various objectives stated in Section 1.2 (page 11). 
 
3.2 Materials  
ASTM C150 Type I normal Portland cement was used for all the concrete, and 
its chemical composition and physical properties are given in Table 3.1, together with 
the estimated cement compounds based on Bogue’s equations given in ASTM C150-
94. A naphthalene sulphonate formaldehyde-based high range water-reducing 
admixture, also known as superplasticizer (SP)1 was used in all the concretes in this 
study. It was a dark brown solution with a specific gravity of 1.2, and contains about 
40% solids. The superplasticizer conforms to the requirements of ASTM C494 – Type 
F (high range water-reducing admixtures). An air-entraining admixture (AEA)2 of a 
blend of anionic surfactants and foam stabilizers with a specific gravity of 1.02 was 
used for some concrete mixtures, and it contained approximately 20% solids. 
                                                 
1 W R Grace & Co. Super 20 
2 W R Grace & Co. Darex AE4 
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 Table 3.1 – Chemical composition and physical properties of cement used 
Physical  Tests Blaine specific surface (m2/kg)     348     
 Specific gravity 3.15 
Chemical Analyses, % CaO   63.0 
composition SiO   22.6 2
 Al O     4.0 2 3
 Fe O     3.4 2 3
 SO     2.06 3
 MgO     2.44 
 K O  0.30 2
 Na O  0.33 2
 Equivalent alkali (Na O + 0.658K O)     0.53 2 2
 Loss on ignition     0.86 
Bogue Potential Compound C S    47.1 3
Composition, % C S    29.3 2
 C A 4.9 3
 C AF     10.3 4
 
3 Lightweight aggregates  (LWA) used in this study was expanded clay type 
(commercially available) with three different densities ranging from 900 to 1500 
kg/m3 (dry particle density) (Fig.3.1). The particle density is defined as the mass 
divided by the total volume of the individual grains, including the pore volume. The 
bulk densities of the LWA were about 500, 650 and 800 kg/m3, defined as the total 
mass divided by the total volume in bulk packing, inclusive of voids between the 
particles. The physical properties of the LWA are given in Table 3.2. The LWA 
particle size ranged from 4 to 8 mm with 1-hour water absorption ranging from 8.2 to 
12.4% by oven-dried mass according to ASTM C127-88. The 1-hour wet particle 
density is determined after soaking the oven-dried LWA in water for an hour. Table 
3.3 shows the rate of water absorption for the oven-dried LWA over a period of 24 
hours. More than 60% of the 24-hour absorption took place within the first hour, and 
                                                 
3 Liapor GmbH & Co. (Hallerndorf-Pautzfeld) Liapor 5, 6.5 & 8 
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only less than 10% was absorbed in the second hour. Based on this, all the LWA was 
pre-soaked for 1 hour before mixing in the concrete. This will prevent rapid loss of 
workability during the tests to ensure the consistency of results.  
 
Fig.3.1– The spherical expanded clay type lightweight aggregates  
 
Table 3.2 – Physical properties of lightweight aggregates 
Dry Particle 
density 
1-hr Wet  24-hr Wet  Grain size 
(mm) 
Bulk density particle density particle density LWA (kg/m3) (kg/m3) (kg/m3) (kg/m3) 
F5 4-8 500 ± 25 870 1000 1050 
F6.5 4-8 650 ± 25 1100 1250 1350 
F8 4-8 800 ± 25 1500 1600 1700 
 
Table 3.3 – Water absorption (%) of oven-dried LWA 




1 2 24 
LWA hr. hr. hr. 
F5 9.9 10.8 12.4 13.5 19.8 
F6.5 6.5 7.4 8.7 10.2 13.7 
F8 5.9 6.7 8.2 9.5 13.6 
 
Two natural sands with a specific gravity of 2.65 and different particle size 
distributions were used as fine aggregates. The sands were tested according to ASTM 
C136-96a and complied with the requirements of ASTM C33-99a. The sand with a 
fineness modulus of 2.43 was used in Series I and III of the concrete mixtures, while 
the sand with a fineness modulus of 2.86 was used to prepare Series II concrete 
mixtures. Sieve analyses of the LWA and sands are given in Table 3.4. . The reason 
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for using a different grading of sand was due to unavailable supply after the old stock 
was used up when the experiment of Series I concrete was completed. 
Table 3.4 – Sieve analysis (cumulative retained) of coarse LWA and 
normalweight sand 
D (mm) 9.5 4.75 2.36 1.18 0.60 0.30 0.15 pan FM 
LWA F5 0 100       6.00 
LWA F6.5 0 80 100      5.80 
LWA F8 0 70 100      5.70 
Sand I -- 0 2 20 46 79 95 100 2.43 
Sand II -- 1 8 30 63 86 98 100 2.86 
D – diameter; FM – Fineness modulus 
 
3.3 Mixture proportion and preparation of concrete 
In this study, there were 3 series of concrete mixtures. Table 3.5 shows the 
mixture proportion of the concrete. All the concretes in this study had the same 
volumetric proportion of fine and coarse aggregates. The control concrete was made 
with F6.5 LWA having an effective water-to-cement ratio (w/c) of 0.35. Besides the 
control concrete, Series I consisted of two other concretes made with LWA of two 
different densities (F5 and F8) having the same mixture proportion and w/c as the 
control concrete. Also, another concrete mixture in Series I with F6.5 aggregates had 
w/c 0.45. For Series II, the mixture proportion of the concrete was similar to the 
control concrete in Series I (i.e. F6.5 LWA used), except for a different fineness of 
sand used. For Series III, the concrete had the same exact mixture proportion as Series 
I control concrete using F6.5 aggregate. The concrete in Series III was used to 
investigate the impact of segregation on the properties of hardened LWAC. In 
addition, where AEA was added for air entrainment, the material proportion of the 
concrete was kept constant as entrained air content varied. This implied that the 
volume of the mortar fraction increased as air entrainment increased, resulting in a 
lower LWA volume in the concrete. The concretes consisted of approximately 31% 
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cement and water, 33% fine aggregate and 36% coarse aggregate by volume, 
excluding air content. The sand-to-aggregate ratio by volume (S/A) in all the mixture 
proportions is 0.47, while the binder∗ content per cubic metre of concrete is 0.29. The 
moisture states of the sand and LWA in the given mixture proportions were saturated 
surface dry and oven dry, respectively. The water content in the mixture proportion 
was the effective amount of water in the concrete during mixing and excluded the 
water absorbed by the LWA. 







SP dosage Water Cement 
(kg/mSeries LWA w/c (kg/m3 3 (kg/m3) ) ) 3 3) ) 
I & II F6.5* 0.35 152 435 845 390 5.22 to 7.31 
I F5 0.35 152 435 845 305 5.22 to 8.34 
I F8 0.35 152 435 845 532 5.22 to 9.40 
I F6.5 0.45 170 378 845 390 2.72 to 5.44 
* control concrete 
 
In the experiment, the sand and LWA were oven-dried before mixing to 
achieve good moisture control in the concrete, which is an important factor for 
repeatability in the test results. Before concrete mixing, the oven-dried LWA was pre-
soaked in water for 1 hour. The amount of water required for the LWA absorption 
was pre-determined and shown in Table 3.3. Water in excess of the amount required 
for the aggregate absorption and concrete mixing was used in order to ensure that all 
the aggregate particles were fully submerged during soaking. After 1 hour the excess 
water was removed and the mass added into the mixer included that of oven-dried 
aggregate, water absorbed by the aggregate in 1 hour, and mixing water based on 
                                                 
∗ According to ACI 116R-00 Cement and Concrete Terminology: Binders –  “cementing materials, 
either hydrated cements or products of cement or lime and reactive siliceous materials; the kinds of 
cement and curing conditions govern the general kind of binder formed; also materials such as asphalt, 
resins, and other materials forming the matrix of concretes, mortars, and sanded grouts.” 
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concrete mix design. In this way, water absorption by the LWA would be consistent 
for the same given period. 
The constituent materials were mixed in a pan mixer with a capacity of 0.08 
m3 and a mixing speed of 50 revolutions per minute (rpm) at ambient temperatures of 
about 30 oC.  The SP and AEA, if any, were separately added into concrete after about 
1 minute of mixing. Mixing was continued for another 1 minute before the concrete 
was left at rest for 3 minutes. Finally the concrete was mixed for 1 more minute 
before the fresh concrete was sampled for various tests. The total time lapse between 
the addition of mixing water and the beginning of testing was kept constant at 7 + 1 
minutes. 
 
3.4 Test methods 
Slump test was performed for all the concrete according to ASTM C143, and 
density was determined according to ASTM C138. The air content of the LWAC was 
determined using the volumetric method in accordance with ASTM C173. In each 
batch of the concrete, three 100 mm cubes were made and fog-cured for 28 days 
before being tested for compressive strength.  
 
3.4.1 Yield stress and plastic viscosity 
The yield stress and plastic viscosity of concrete in the study were measured 
using a coaxial-cylinders BML rheometer4 as shown in Fig.2.8, where the torque of 
an inner cylinder was measured as an outer cylinder rotates at variable angular 
velocities. The BML rheometer is fully automated and the test results do not depend 
                                                 
4 ConTec BML Viscometer 3 (http://www.contec.is/index.htm) 
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on operator’s skill once the concrete has been mixed and placed in a test container, 
which is also the outer cylinder. Each concrete mixture was tested at about 15 minutes 
after the mixing water was first added, and the test lasted for about 45 seconds. The 
outer cylinder started rotating at 21 rpm (0.35 rps) while the inner cylinder was 
lowered. The first torque reading was made when the inner cylinder was fully 
immersed in fresh concrete and a maximum rotating speed of 26 rpm (0.43 rps) was 
attained. A total of 10 data points were collected at various step-down rotational 
speeds decreasing from 26 to 4 rpm (0.43 to 0.07 rps). At each speed, the transition 
time was 3 seconds after which 50 torque measurements were taken during a 1-second 
interval. Then the average of the 10 lowest measurements was taken as a point on the 
graph of torque T versus rotational speed N. The setting of ‘average 10 lowest 
measurements’ was chosen to minimise any possible effect due to bridging of the 
coarse aggregates that might cause an abnormally high torque to be registered during 
the shearing of the concrete. This was necessary as the ratio of D  / Dgap max was 4.4 
(below 4 to 5), implying that the gap in the shear zone was narrow (Ferraris and 
Browner, 2001). At the end of each test, the computer software that was linked to the 
BML rheometer computed the g-value and h-value from the T-N graph, and 
calculated the yield stress and the plastic viscosity of the fresh concrete based on the 
Equations (2.13) and (2.14), respectively. A summary of the parameter set-up of the 
BML rheometer used this study is given in Table 3.6. 
The limitations of the measurement of rheological parameters on fresh 
concrete were discussed earlier in Section 2.3.2 (page 35). In view of the limitations, 
some measures were taken to minimise possible inaccuracies in the results of the 
rheological parameters. Slippage of concrete during shearing was not a problem as the 
BML rheometer is designed to minimise slippage by equipping both the inner and 
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outer cylinders with protruding ribs (Fig.2.11a) (Ferraris and Brower, 2001). The 
focus was to ensure minimal particle migration during the measurements of the 
rheological parameters of the LWAC in this study. The amount of particle migration, 
however, was not measured in the current study. A detailed analysis of the particle 
migration in the BML rheometer was done by Wallevik J.E. (2003). 
 
Table 3.6  – Parameter set-up for the BML rheometer 
Maximum rotation speed, N  (rps) 0.43 max
Minimum rotation speed, N  (rps) 0.07 min
Number of torque points  10 
Transition time (s) 3 
Sampling time (s) 1 
Number of readings taken per sampling 50 
Data processing Average of the lowest 10 out of 50 readings
Total shearing time (s) ≈ 45 
Volume of outer cylinder, V  (litre) ≈ 15 t
Volume of shear zone, V  (litre) 3.9 s
Radius of inner cylinder, R  (m) 0.100 i
Radius of outer cylinder, R  (m) 0.135 o
D  / D 35 / 8 = 4.4 gap max
V  / V 3.9 / 15 = 0.26 s t
 
The measurement of the rheological parameters in the current study was 
conducted under unconfined condition given that the volume proportion of the 
sheared concrete to the tested sample (V  / Vs t) was only 0.26. This implied that the 
volumetric proportion of the dead zone to the tested sample was 0.74, meaning that 
there was relatively more space for aggregate migration into the dead zone during the 
shearing of the concrete.  In general, the measured rheological parameters tend to be 
lower than the actual values in an unconfined test. The maximum rotation speed Nmax 
was set at 26 rpm (0.43 rps) to limit the rate of collisions between the particles and 
precaution was taken to ensure that the total testing time does not exceed one minute. 
In this case, the total testing time was about 45s. This is because during shear of 
concrete mixture, there is a tendency for the coarser materials to migrate away from 
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the shear zone, and vice versa for the fine materials and water. Prolonged shearing 
may result in segregation of the concrete mixtures, thus the rheological parameters 
obtained may not be representative. Some of the ways to minimise the segregation 
were to ensure that the concrete mixtures had continuous grading size of the 
aggregates, and sufficient fine aggregate proportion. The size of the fine aggregate 
ranged from 0.15 to 4.75 mm, while the size of the coarse LWA ranged from 4 to 8 
mm. The sieve analysis of the aggregates is given in Table 3.4. Furthermore, the 
proportion of fine aggregate to the total aggregate content (S/A) in the present study 
was 0.47.  
 / DThe Dgap max in the present study was 4.4. It was shown that the measured 
values of the rheological parameters tend to be higher than the actual values when the 
D  / Dgap max is below 4 to 5 (Ferraris and Brower, 2001). This is due to perturbations in 
the torque measurements when bridging of the coarse aggregates occur during the 
shearing of the concrete. Thus, in order to minimise possible inaccuracy as a result of 
this, 50 torque measurements were taken in a one-second interval during testing, of 
which only the 10 lowest values were used to compute the average torque at each 
rotational speed. In addition, the transition time was set to 3 seconds to allow the 
shearing of the concrete to stabilise before the measurement of torque began at each 
rotational speed. 
In summary, the measured rheological parameters tend to be lower than the 
actual values in an unconfined test, while the reverse happens as the D  / Dgap max 
decreases below 4 to 5. Although it is impossible to completely eliminate the factors 
that influence the accuracy of the measurement of rheological parameters in the 
current study, it is fortunate that the two main sources of inaccuracy have a countering 
effect.  
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3.4.2 Segregation 
In ACI 116R – Cement & Concrete Terminology, segregation is defined as 
“the differential concentration of the components of mixed concrete, aggregate or the 
like, resulting in non-uniform proportions in the mass.” The segregation test was 
performed using cylindrical moulds (Fig.3.2) made of PVC pipe with a total height of 
300 mm glued to a plastic base and internal diameter of 150 mm. The PVC pipe was 
pre-cut into 6 equally thick slices of 50 mm each, and fastened in place with hose 
clips. Prior to vibration, the segregation mould was filled in three layers, each 
approximately one third the volume of the mould. Each layer was rodded with 25 
strokes using a slump-tamping rod. The side of the mould was then tapped lightly to 
close any voids left by the tamping rod before filling the next layer. After the top 












Fig.3.2 – Segregation test mould 
 
In Series I, the concrete was vibrated individually for 2 minutes on a vibration 
table with a fixed frequency of 50 Hz and amplitude of 0.21 + 0.01 mm when a fully 
filled segregation mould was placed on it. In Series II, the concrete was vibrated for ¾ 
minute on a different vibration table (Fig.3.3) with variable frequencies and 
amplitudes. Both vibration tables produced sinusoidal vibration waveform. The 
vibration table used for the Series II concrete had vertically directed vibratory motion 
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produced by four rotating weights located beneath the table (Fig.3.3 bottom left 
insert). In a report by ACI 309 (1993), it is mentioned that the optimum frequency 
range for table vibration is 50 to 100 Hz. In addition, the same report indicates that a 
minimum acceleration of 2 to 4g, i.e. 20 to 39 m/s2, is required for consolidation of 
fresh concrete using table vibration. From these values and Equation (2.31), it can be 
calculated that the range of amplitude lies between 0.05 to 0.40 mm, depending on the 
frequency, in order to achieve the minimum acceleration and consolidation. In view of 
this, applied frequencies of 40, 50, 60, 75 and 90 Hz and amplitudes of 0.21 and 0.36 
+ 0.01 mm were selected for the study in Series II. Thus, the range of acceleration 
was from 1.5g to 11.8g according to Equation (2.31), and was shown in Table 3.7. 
 
Table 3.7 – Vibratory acceleration in terms of gravitational acceleration (g) 
Frequency (Hz) Amplitude 
(mm) 40 50 60 75 90 
0.21 1.5 2.3 3.2 5.0 7.2 
0.36 2.3 3.6 5.2 8.2 11.8 
 
During vibration for the concrete in Series II, an accelerometer and a gap 
sensor were connected to an oscilloscope to record the vibratory waveform. In 
addition, the former measured the normalised vibratory acceleration in terms of ga, 
while the latter measured the vibratory frequency and amplitude. The measured 
vibratory frequency and amplitude were used to calculate the normalised acceleration 
according to Equation (2.31), and checked against the measured value for accuracy. 
The mould was clamped tightly onto the table during vibration to prevent it from 
moving freely so as to ensure that it was vibrated at the measured frequency and 
amplitude (Fig.3.3). After vibration, all the concrete in the moulds were left to stand 
for about ½ hour before each slice was removed individually. The coarse aggregate 
was then separated from the mortar fraction by washing out through a 3 ½-mm mesh 
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basket (Fig.3.4). The mass of the coarse aggregate from each layer was then oven-
dried and recorded. 
To evaluate segregation, Mass Deviation Index (MI) was calculated:  
%100x
m
mmMI i −=     (3.1)  
where mi is the coarse aggregate mass of a layer which has the largest deviation from 
the mean value, and m is the mean value of coarse aggregate mass in each layer. The 
MI shows the largest deviation of the coarse aggregate mass in any of the 6 layers 
from its mean, expressed as a percentage. A higher MI value indicates more 
segregation and the concrete is less stable.  
 Apart from the segregation test method used in the current study, other 
researchers (Ambroise and Péra, 2001) have also proposed and used a method to 
evaluate segregation in fresh concrete. In their study, the self-compacting concrete 
mixture was pour into a column (diameter 110 mm, height 400 mm) and left till it 
started to set, after which slices (diameter 110 mm, height 50 mm) were taken from 
the upper and lower sections. The coarse aggregates of each slice were washed out 
through a five-millimetre mesh screen and weighed. In their study, it is assumed that 
when the difference between the lower and upper sections is lower than 5%, there is 
no segregation in the concrete. On the other hand, Otsuki et al. (1996) and Van et al. 
(1998) consider that a difference of 10% is satisfactory.  
 In the current study, the segregation method determined the largest deviation 
from the mean mass distribution while the method by Ambroise and Péra (2001) 
determined the difference between extreme sections with the most aggregates and 
least aggregates. 
 






Fig.3.3 – The vibration table with clamp system (Insert bottom left shows a set of 
the rotating weights) 
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 2 1 
4 3 
6 5 
Fig.3.4 – Removing each layer from segregation mould and separate LWA from 
mortar fraction by washing through a mesh basket 
 
In order to determine the impact of segregation on the properties of hardened 
LWAC, the effects of MI on density, compressive strength, and elastic modulus of the 
concrete were studied and discussed in Chapter 5 (page 114). The concrete in Series 
III was used for this purpose. For this part of the study, four non-air entrained 
   - 71 -
concrete mixtures and two air entrained concrete mixtures were prepared. The mixture 
proportions and preparation of the fresh concrete were similar to the control concrete 
in Series I with a w/c of 0.35. Besides performing the tests to obtain the properties of 
the fresh concrete as described in the previous sections, four 150 mm (diameter) by 
300 mm (height) cylinders and four segregation moulds (Fig.3.2) of similar 
dimensions were prepared for each concrete mixture. These were vibrated in pairs 
consisted of one cylinder and one segregation mould on a vibration table with fixed 
frequency of 50 Hz and amplitude of 0.21 mm at various durations of 15, 30, 60 and 
120s. After the vibration, the concrete in the segregation moulds were used to 
determine MI as described above, while those in the four cylinders were allowed to 
cure for 28 days in a fog-curing room. On the 28th day, the four cylinders were 
removed from the curing room and each cylinder was cut into 3 layers from top to 
bottom (Fig.3.5). The resulting specimens had dimensions of 150 mm (diameter) by 
95 + 2 mm (height), with aspect ratio (h/d) of 0.63. The exposed cross sections were 
then grinded smooth and treated with plaster to ensure that the surfaces were 
horizontal through checks with a levelling instrument.  
All the specimens from the six concrete mixtures were used to determine the 
air-dry density and failure compressive strength. In addition, the specimens from two 
of the four non-air entrained concrete mixtures were also used to determine the 
Young’s modulus of elasticity. In order to determine the Young’s modulus of 
elasticity, strain gauges were used to measure the strain of the specimens during 
loading. Four strain gauges of 30 mm length were pasted vertically onto the sides of 
each specimen at equal intervals (Fig.3.6). The prepared specimens were then left in a 
humidity room at 65% relative humidity and 30 0C to air-dry till the 35th day before 
determining the density, elastic modulus, and failure compressive strength. These 
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properties were used to correlate with the corresponding MI-values. The densities of 
the air dried specimens were determined on the 35th day before determining the elastic 
modulus. The volume of each specimen was determined earlier on the 28th day after 
the cylinder was taken out from the moist curing room. Next, the air-dry specimens 
were tested for the elastic modulus. For the elastic modulus test, the specimens were 
loaded to 40% of ultimate strength and the measured stress was divided by the 
corresponding measured strain to obtain the elastic modulus. Finally, the specimens 








Fig.3.5 – Cylindrical specimens used to determine the effect of MI on properties of 
hardened LWAC were cut into top, middle, and bottom layers with equal height of 




Fig.3.6 – One of the specimens showing a strain gauge used to determine the strain 
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3.5 Methodology 
The main objectives of the current study are to investigate the rheological 
properties of the lightweight aggregate concrete (LWAC) and their influence on the 
workability and stability of the concrete. The measurement of rheological parameters 
of the LWAC was generated by the BML rheometer, which is based on the coaxial-
cylinders system.  
The first objective was to determine how a naphthalene-based superplasticizer 
and an air entraining admixture influenced the rheology of the LWAC. The main 
mixture design of the LWAC had a w/c of 0.35, commonly used for high strength 
concrete. Changes in the yield stress and plastic viscosity due to the application of the 
superplasticizer and air entraining admixture at various dosages were investigated. 
The results of the investigations are presented and discussed in Section 4.3 and 4.4 
(pages 83 and 90). For each of the concrete, at least 2 to 3 batches were prepared and 
tested to check the repeatability of the results. The repeatability of the test results is 
presented and discussed in Section 4.2 (page 77). 
The results from the study on the effects of the naphthalene-based 
superplasticizer and the air entraining admixture led to the design of concrete 
mixtures such that only one of the two rheological parameters was varied at a time. 
Thus, the concrete was designed with different yield stresses and similar plastic 
viscosity, and vice versa. This enabled assessment on the effect of one rheological 
parameter at a time. In the study, the experimental testing involved measurements of 
the rheological parameters, the slump and the segregation potential of the concrete. 
From the results, the relationships between the rheological parameters and the slump 
of the LWAC were investigated and presented in Section 4.6 (page 99).  
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The second objective of this study is to investigate the segregation potential of 
the fresh LWAC. Since there is no standard test to assess the degree of segregation in 
concrete, a segregation test was designed in the current study to provide an indication 
on the segregation potential using the Mass Deviation Index (MI), as presented in 
Section 3.4.2 (page 67). The segregation index from the test is correlated with the 
properties of the hardened concrete. The results are presented in Chapter 5 (page 114). 
The effect of different rheological parameters on the stability of the LWAC was 
investigated and presented in Chapter 6 (page 127). Variations in the concrete mixture 
design included the use of a superplasticizer and an air entraining admixture at 
different dosages, as well as using LWAs with three different particle densities. 
In particular, the rheological parameters of the air entrained LWAC was 
compared with the corresponding non-air entrained concrete with reference to the 
slump (Section 4.5, page 96) and the MI (Section 6.4 and 6.5, page 135).  
The third objective is to investigate how the vibratory parameters affect the 
stability of LWAC with different rheological parameters. The vibratory parameters 
include the frequency, amplitude, and acceleration generated during the vibration of 
the concrete. The results are presented and discussed in Chapter 7 (page 150). For this 
part of the study, the concrete was vibrated on a table vibrator with variable 
frequencies and amplitudes. Each concrete mixture was vibrated with different 
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4 EFFECT OF RHEOLOGICAL PARAMETERS 
ON WORKABILITY OF LWAC 
 
4.1 Introduction 
In the first part of this chapter, the repeatability of the measurement of 
rheological parameters is presented and discussed. In the study, the repeatability was 
improved when the initial moisture of the aggregates was removed through oven 
drying. The water absorption of the aggregates was determined and this amount of 
water was added in prior to mixing. The water absorption characteristic of the LWA 
has been presented in Section 2.6 (page 55). Furthermore, the same batch of cement 
was used throughout the study to ensure consistency in the material.  
The second part of the chapter deals with the influence of a naphthalene-based 
superplasticizer and an air entraining admixture on the yield stress and plastic 
viscosity of the LWAC. The rheological response of the NWAC on the addition of 
these chemical admixtures was presented earlier in Section 2.2 (page 17). Next, the 
effect of increasing air entrainment on the rheological parameters of the fresh LWAC 
was discussed. Furthermore, the workability of the air entrained LWAC was 
compared with the corresponding non-air entrained concrete with reference to the 
slump of the concrete. Finally, the empirical relationships between the rheological 
parameters and the slump of the LWAC were discussed and proposed. Past works on 
the relationship of the slump with the rheological parameters has been presented in 
Section 2.4 (page 39). 
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4.2 Repeatability of test results 
Most of the non-air entrained concrete mixtures in the study was prepared at 
least 2 to 3 times for testing so that the repeatability of the results could be evaluated. 
The results of the non-air entrained concrete are available from Tables 4.1 and 4.2. 
Figures 4.1 to 4.3 show the repeatability of the test results on the yield stress and the 
slump of the non-air entrained concretes with F5, F6.5 and F8 aggregates, and with 
different dosages of the superplasticizer (SP) in Series I. The data were from Table 
4.1. Figure 4.4 shows repeatability of the test results for the non-air entrained concrete 
with F6.5 aggregate in Series II, and the data were from Table 4.2. All these concretes 
had the same mixture proportion. The difference between Series I and II concretes 
was the sand size distributions, mentioned earlier in Section 3.2 (page 58), and shown 
in Table 3.4.  
In general, the repeatability for the yield stress improved as the SP dosage was 
increased. Apart from a few mixtures, the overall repeatability for the yield stress was 
considered to be good. The greatest variation of the yield stress occurred when the 
yield stress was above 1000 Pa. This may be due to greater friction within the 
concrete during the rheological measurement that gave rise to certain abnormally high 
torque. The corresponding slump for the yield stress above 1000 Pa was 50 mm and 
below. According to the manufacturer, the accuracy of the measurement by the BML 
rheometer might be lower as it is designed for concrete with slump above 120 mm. 
For the LWAC, this value is lower as LWAC has lower slump than NWAC at the 
same workability. The general limitations on the measurement of the rheological 
parameters have been discussed in Section 2.3.2 (page 35), while the specific 
limitations of the BML rheometer have been discussed in Section 3.4.1 (page 63). 
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The slump was rather consistent when the value was below about 50 mm and 
above 200 mm. It is noted that the slump test was not sensitive in these ranges. The 
figures show that the test results had the greatest variations of the slump for the 
concrete with F5 and F8 aggregates (Fig.4.1 and 4.3) at SP dosages of 6.26 to 8.34 
kg/m3. In Fig.4.1, the slump varied from about 50 to 130 mm at SP dosage of 6.26 
kg/m3, while the slump varied from 130 to 235 mm in Fig.4.3 at SP dosage of 8.31 
kg/m3. Comparing between the concrete in Series I and II, it could be seen that the 
latter had better repeatability. The greater variations in Series I might be due to 
different batches of SP used in the experiments.  
Although there were some variations in the test results, the correlation 
between the yield stress and the slump was found to be reasonably good, as shown in 
Fig.4.5. This implied that the variations due to the SP were reflected accordingly by 
the yield stress and the slump of the concrete. For example in the concrete with F5 
aggregate at SP dosage of 6.26 kg/m3 (Table 4.1), although there was variation of the 
slump from 50 to 130 mm, this was reflected accordingly by decrease in the yield 
stress from about 700 to 400 Pa.  
Apart from the yield stress and slump, the repeatability for the plastic viscosity 
of the concrete was reasonably good. This might be due to the fact that the 
superplasticizer did not affect the plastic viscosity significantly. Thus, at each dosage 
of the superplasticizer, the plastic viscosity remained relatively constant. The average 
plastic viscosity for the concrete with F5, F6.5 and F8 aggregates in Series I were 62, 
59, and 73 Pa⋅s, while the standard deviations were 5, 5 and 6 Pa⋅s, respectively 
(Table 4.1). The average plastic viscosity for the concrete in Series II was 46 Pa⋅s 
with a standard deviation of 4 Pa⋅s (Table 4.2). This does not include the concrete 
with SP dosage of 8.31 kg/m3 as the high SP dosage might have affected the plastic 
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viscosity. In addition, the slight difference in the plastic viscosity between the 
concretes was due to the different aggregate size distributions. This will be discussed 
in greater details in Section 4.3 (page 83). 
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5-1 1755 25 1592 53 8 38.1 
5-2 1765 35 1440 57 13 37.3 
5-3 
5.22 
1760 45 1305 57 7 30.7 
5-4 5.74 1800 50 818 59 8 32.6 
5-5 1780 50 734 62 16 34.0 
5-6 1760 115 360 60 10 34.5 
5-7 1740 65 631 68 24 30.7 
5-8 1745 115 405 63 38 32.7 
5-9 1735 70 588 67 18 30.8 
5-10 
6.26 
1755 130 393 63 8 32.7 
5-11 1715 150 290 61 11 26.6 
5-12 1725 170 258 57 18 33.1 
5-13 1740 90 461 65 17 31.7 
5-14 
7.30 
1745 150 296 70 22 26.0 
5-15 1745 235 167 67 52 37.5 
5-16 
F5 
8.34 1755 205 279 65 34 31.6 
6-1 1880 45 1534 48 3 54.0 
6-2 1865 40 1270 59 5 51.9 
6-3 1880 35 1167 58 4 50.8 
6-4 
5.22 
1860 35 1629 56 3 43.7 
6-5 1850 70 616 60 5 50.4 
6-6 1865 110 723 56 6 -- 
6-7 1855 75 697 58 5 51.2 
6-8 
6.26 
1835 120 397 56 3 51.4 
6-9 1860 150 251 62 19 51.3 
6-10 1830 140 268 57 14 50.2 
6-11 
6.79 
1830 125 326 64 7 44.7 
6-12 1850 240 41 53 38 50.6 




1855 235 45 54 39 -- 
8-1 1920 50 865 76 8 62.1 
8-2 1905 40 1654 62 5 66.9 
8-3 
5.22 
1915 30 1541 66 3 69.4 
8-4 1905 140 234 77 4 62.7 
8-5 1920 50 721 69 4 59.1 
8-6 
6.26 
1920 55 729 73 4 48.2 
8-7 1915 65 637 77 -- 56.9 
8-8 1910 135 283 82 3 59.5 
8-9 
7.30 
1915 65 556 77 4 54.2 
8-10 1910 130 230 81 1 53.4 
8-11 1925 190 170 80 9 59.2 
8-12 
8.34 
1910 235 294 68 9 56.3 
8-13 1925 245 92 71 33 54.6 




1930 250 32 72 16 54.5 
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6-21 1835 55 552 50 51.0 
6-22 1845 60 581 48 51.9 
6-23 
6.26 
1845 55 506 49 48.5 
6-24 1845 70 376 51 47.0 
6-25 1805 135 358 43 46.7 
6-26 
6.79 
1845 75 451 49 43.1 
6-27 1845 190 182 39 46.7 
6-28 1855 190 174 45 48.2 
6-29 1845 190 163 43 43.4 
6-30 1825 190 247 43 45.7 
6-31 
7.31 
1835 190 159 44 50.0 
6-32 1825 220 124 34 -- 




1850 230 81 34 46.9 
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Fig.4.2 – Repeatability of the yield stress and slump at various dosage 
of superplasticizer for LWAC with F6.5 aggregates in Series I 
Fig.4.4 – Repeatability of the yield stress and slump at various dosage 



































































































Fig.4.1 – Repeatability of the yield stress and slump at various dosage 
of superplasticizer for LWAC with F5 aggregates in Series I 
Fig.4.3 – Repeatability of the yield stress and slump at various dosage 


























































































































Fig.4.5 – Relationship of the yield stress and the slump of the non-air entrained 
concrete 
 
4.3 Influence of a naphthalene-based superplasticizer 
While Tables 4.1 and 4.2 present properties of the fresh LWAC and 
compressive strength of the concrete with a w/c of 0.35 in Series I and II respectively, 
Table 4.3 presents properties of the fresh concrete with a w/c of 0.45 in Series I. The 
concrete with F6.5 aggregate in Series I was the control-concrete mixture in this 
study. It should be noted that the volumetric proportion of cement paste and 
aggregates (both sand and LWA) in the non-air entrained concretes in Series I and II 
were kept constant. The difference between the control-concrete in Series I (Mix 6-1 
to 6-14) and that of Series II concretes (Mix 6-21 to 6-34) was the particle size 
distribution of the sand used. The sand used in Series I had fineness modulus of 2.43 
while that used in Series II had 2.86 (Table 3.4). The average densities of the fresh 
concrete having the w/c of 0.35 and made with F5, F6.5, and F8 aggregates were 
1750, 1850, and 1915 kg/m3, respectively. In the same order, the average 28-day 
compressive strength of 100-mm cubes cured in a moist room were 35, 50, and 65 
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MPa obtained from the concrete mixtures with a SP content of 5.22 kg/m3. The 
increase in the density and 28-day strength was expected as the porosity of the LWA 
used was in decreasing order from F5 to F8. On the other hand, the concrete with F6.5 
aggregate and the w/c of 0.45 had average density of 1800 kg/m3 (Table 4.3). All the 
non-air entrained concrete had about 4.5 + 0.5% entrapped air due to the use of small 
maximum aggregate size of 8 mm.  
In the study, different dosages of SP were added to the concrete mixtures. The 
effect of the SP on the yield stress of concrete made with LWA of different densities 
(F5, F6.5, and F8 aggregates) is shown in Fig.4.6. Figure 4.7 shows the effect of SP 
on the yield stress of concrete with different sand size distributions, and Fig.4.8 shows 
the effect of SP on concrete with different water-to-cement ratios. In general, an 
increase in SP dosage reduced the yield stress. This means that the fresh LWAC had 
greater ease in initiating flow with the increase in SP dosage. This was mainly due to 
deflocculating of cement particles that release water originally trapped within cement 
agglomerates. With more free water, the yield stress was reduced. The difference of 
the LWA particle densities and the sand size distributions did not seem to affect the 
yield stress of the concrete at given mixture proportion (Figs.4.6 and 4.7). The lower 
yield stress in the concrete with a w/c of 0.45 in Series I was expected, given the 
higher water content (Fig.4.8). 
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Table 4.3 – Properties of non-air entrained concrete with a w/c of 0.45 (Series I) 
Plastic Yield  Density of 
fresh concrete MI Slump Mix LWA  SP viscosity stress  No. type (kg/m3) (%) (mm) (kg/m3) (Pa·s) (Pa) 
6-15 2.72 1800 35 684 32 6 
6-16 3.63 1820 65 489 32 14 
6-17 3.63 1800 60 410 31 15 
6-18 4.54 1810 140 296 28 30 F6.5 
6-19 4.54 1795 150 258 29 25 




























Fig.4.6 – Effect of a naphthalene-based superplasticizer on the yield stress of fresh 
concretes made with LWA of three different densities in Series I 
























Fig.4.7 – Effect of a naphthalene-based superplasticizer on the yield stress of fresh 
LWAC with different sand size distributions (Sand fineness modulus in Series I was
























Fig.4.8 – Effect of a naphthalene-based superplasticizer on the yield stress of fresh 
LWAC with different water-to-cement ratios 
 
The SP content, as shown in Fig.4.9, did not affect the plastic viscosity of the 
concrete made with LWA of different densities significantly. This phenomenon is also 
observed by Banfill (Tattersall and Banfill, 1983) who studied both naphthalene and 
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melamine sulphonate formaldehyde-based superplasticizers. The average plastic 
viscosities of concrete with F5, F6.5 and F8 aggregates were 62, 59, and 73 Pa s, 
respectively (Table4.1). The slightly higher plastic viscosity of the concrete with F8 
aggregate may be due to the fact that the aggregate contained a small amount of 
smaller particles between 2.36 to 4.75 mm (Table 3.4). This would result in a larger 
specific surface area, and give rise to more inter-particle interactions. However, this 
small difference on the plastic viscosity should not have a significant effect on the 
results of the segregation test, which will be discussed in the next chapter.  
Figure 4.10 shows that the control-concrete in Series I made with finer sand 
(Fineness modulus 2.43) had higher average plastic viscosity than the corresponding 
concrete with coarser sand in Series II (Fineness modulus 2.86) at similar SP dosage 
due to a larger specific surface area of the former. Furthermore, it was observed that 
the plastic viscosity of the concrete in Series II decreased as SP dosage increased 
beyond 7.31 kg/m3.  
Figure 4.11 shows that the average plastic viscosity of the concrete with the 
higher w/c of 0.45 is lower than that of the control-concrete in Series I with the w/c of 
0.35. This is expected due to the higher water content in the former. The plastic 
viscosity of the concrete with the w/c of 0.45 also showed a decreasing trend as SP 
dosage increased.  
The slight reduction of the plastic viscosity in the concrete at higher dosage of 
SP may be due to the high sand-aggregate ratio (S/A) used. The S/A for all the 
concrete in this study was 0.47. Tattersall (1991) presented data done by Bloomer 
(1979) showing that the addition of a superplasticizer resulted in a decrease in plastic 
viscosity when used in a concrete with a high sand content (S/A = 0.45) while the 
plastic viscosity was increased when used in a concrete with a low sand content (S/A 
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= 0.35).  The effect of the SP on the yield stress was approximately the same 
regardless of the S/A. Tattersall and Banfill (1983) suggested that in concrete with 
high sand content, the sand fills the space between coarse particles.  As a result, a 
reduction in plastic viscosity of the cement paste results in a reduction in the plastic 
viscosity of the concrete because the coarse particles do not move sufficiently closer 
together. On the other hand, in concrete with low sand content, the flocculated cement 
paste separates coarse particles, and when the cement is deflocculated due to the 
addition of SP, the coarse particles come closer together and generate greater 
resistance to flow.  The result is an increase in the plastic viscosity of the concrete in 
spite of the decrease in viscosity of the cement paste.  
Although some of the concrete mixtures showed a decreasing plastic viscosity 
as SP dosage increased, the effect is not as significant as compared to the decrease in 
the yield stress. In summary, increasing the SP dosage reduced the yield stress but did 
not have a significant effect on the plastic viscosity of the LWAC, which is consistent 
with that for NWAC (Tattersall, 1991). Furthermore, the difference in the LWA 
density does not seem to affect the yield stress and plastic viscosity of the fresh 
concrete significantly. On the other hand, using coarser sands would lead to a lower 
plastic viscosity although the yield stress was not affected, while a higher w/c would 
result in a lower yield stress and plastic viscosity of LWAC.  

























Fig.4.9 – Effect of a naphthalene-based superplasticizer on the plastic viscosity of 

























Fig.4.10 – Effect of a naphthalene-based superplasticizer on the plastic viscosity of 
fresh LWAC in Series I and II with different sand size distributions (Sand fineness 
modulus in Series I was 2.43 while Series II was 2.86) 
 























Fig.4.11 – Effect of a naphthalene-based superplasticizer on the plastic viscosity of 
fresh LWAC in Series I with different water-to-cement ratios 
 
4.4 Influence of air entraining admixture 
In Series I, the air content of the air entrained LWAC mixtures was varied 
from 6 to 17% with different dosages of AEA. The superplasticizer dosage was kept 
constant at 5.22 kg/m3. The control-concrete (F6.5 LWA) without AEA had air 
content of about 4.5% in Series I (Table 4.1). Table 4.4 shows the properties of the air 
entrained concrete in Series I. The air entrained concrete had the same material 
proportion as the non-air entrained concrete in Series I except for different air 
contents. Due to increased air content from 6 to 17%, the fresh concrete density of the 
air entrained concrete in Series I decreased from about 1860 to 1535 kg/m3, and the 
mortar density was reduced from 2135 to 1775 kg/m3. The high air content was 
introduced for research purposes. In practice the air content of concrete above 10% is 
rare.  
 The effect of entrained air content on the yield stress of the fresh LWAC is 
presented in Fig.4.12. The figure shows that the yield stress of the air entrained 
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concrete was relatively unaffected by the increase in entrained air content and was 
averaged at about 720 Pa with a standard deviation of 130 Pa. Comparing the results 
with those of the non-air entrained concrete (Table 4.1, Mixes 6-1 to 6-4) made with 
the same aggregate and with the same SP dosage (i.e. F6.5 LWA, SP 5.22 kg/m3), the 
yield stress had reduced by ~50% with the introduction of entrained air (Fig.4.12).  
Figure 4.13 shows the effect of entrained air content on the plastic viscosity of 
the fresh LWAC compared with that of the non-air entrained LWAC at similar yield 
stress. For the concretes of similar yield stress, their plastic viscosity decreased with 
an increase in the entrained air content. While the non-air entrained concretes (Table 
4.1, Mixes 6-5 to 6-7) had a mean plastic viscosity of 58 Pa·s, the plastic viscosity of 
the air entrained concrete was reduced from about 50 to 15 Pa·s as entrained air 
content increased from 6 to 17%.  
 
Table 4.4 – Properties of air entrained concrete with F6.5 aggregate and a w/c of 




Plastic Yield Mortar 
density 
28-day Air  SP SlumpMix  MI viscosity stress strengthcontent  No. (kg/m3 (mm) (%) ) (%) (kg/m3 (Pa) (MPa) ) (Pa.s) (kg/m3)
6A-1 1860 100 715 48 -- 50.0 
6A-2 1835 140 566 48 7 38.5 6 2135 
6A-3 1815 140 721 46 10 42.3 
6A-4 1775 165 710 38 17 46.4 
6A-5 1785 180 674 31 -- 41.8 8 2065 
6A-6 1795 160 921 38 9 42.1 
6A-7 1755 160 775 31 19 44.3 
6A-8 1740 160 878 34 13 43.9 
6A-9 1775 150 899 32 12 43.6 10 2000 
6A-10 1745 130 899 28 15 31.9 
5.22 
6A-11 1680 215 607 16 17 31.5 12 1935 6A-12 1665 150 687 31 10 43.3 
6A-13 1660 190 599 19 17 45.5 14 1870 6A-14 1595 180 558 24 14 34.5 
6A-15 16 1805 1580 175 931 12 18 31.5 
6A-16 1550 180 612 19 19 33.3 17 1775 6A-17 1535 190 594 19 13 29.0 
 
























Fig.4.12 – Effect of air entrainment on the yield stress of concrete with F6.5 

























Fig.4.13 – Effect of air entrainment on the plastic viscosity of concrete with F6.5 
aggregate in Series I (The concretes had similar yield stress) 
 
 Figure 4.14 shows that the slump of the concrete increased with entrained air 
content at similar SP dosage. In addition, it appears that the increase in the slump was 
more significant in the concrete as it changed from non-air entrained to air entrained.  
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This is shown in Fig.4.14, where the slump increased by 80 mm (from ~40 to 120 
mm) when the air content was increased from 4.5% without AEA to 6% with AEA. 
Subsequent increase in air content from 6 to 17% only increased the slump by 70 mm 
(from 120 to 190 mm). Correspondingly, this was reflected in Fig.4.12 and Fig.4.13 



















Fig.4.14 – Effect of air entrainment on the slump of concrete with F6.5 aggregate in 
Series I (The concrete had the same SP dosage) 
  
4.4.1 Effect of air entrainment in concrete 
 The significant increase in the slump from the non-air to air entrained concrete 
(i.e. from ~4.5 to 6% air) may be due to a drastic change in the size and distribution of 
air bubbles in the mortar matrix. Figure 4.15 shows a schematic difference between 
the entrained air and entrapped air bubbles. The entrapped air bubbles are of random 
sizes and spacing. The entrained air bubbles are much smaller and more uniform in 
size than the entrapped air bubbles as they are stabilized by the anionic surfactants 
from the AEA, and well distributed throughout the mortar matrix during mixing. Due 
to these differences, the entrained air bubbles were able to act effectively as 
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deformable and elastic ball bearings, reducing the internal friction in the fresh 
concrete. Hence, the overall shear resistance of the concrete was reduced as the 
entrained air bubbles collapsed and deformed easily under shear forces, resulting in 
the decrease of the plastic viscosity.  
  
 
Fig.4.15 – Schematic diagram showing a more uniform size and distribution of 
entrained air (left) compared with entrapped air bubbles (right). 
 
 As the concrete slumped under its self-weight, the bubbles allowed 
deformation under compression and slippages of neighbouring particles. Apart from 
the reduction of internal friction, the orientation of the anionic surfactants from the 
AEA on the surfaces of the air bubbles caused them to possess negative charges. 
Furthermore, the cement particles become positively charged during hydration due to 
adsorption of calcium ions (Ramachandran and Feldman, 1984). This would cause the 
cement particles to be attracted to the bubbles and resulted in dispersion of the cement 
particles (Kreijger, 1980). These may lead to the significant increase in the slump as 
the plastic viscosity and the yield stress decreased. On the other hand, the same 
electrostatic attraction between the entrained air bubbles and the cement particles 
would result in an air-cement-air type of bridge, improving the cohesion and may 
increase the yield stress (Kreijger, 1980). In fact, this has been believed to be the 
reason for the increase of the yield stress in air-entrained cement paste (Struble and 
Jiang, 2004; Kreijger, 1980). 
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 The origin of the yield stress may be contributed by three primary sources 
(Petrou et al., 2000 ). One source is the mechanical interlocking between aggregates 
that give rise to internal friction (Ferraris and de Larrard, 1998). The second source 
may be attributed to the attractive colloidal forces (electrostatic forces) between the 
cement and other submicron particles that cause them to flocculate (Lei and Struble, 
1997). The third source is a colloidal gel of hydrated calcium silicate that forms 
around the cement particles as a result of cement hydration (Double and Hellawell, 
1977). Therefore, the initial reduction of the yield stress, as the concrete changed from 
non-air to air entrained (Fig.4.12), was likely to be dominated by the reduction of the 
mechanical interlocking, although the electrostatic forces of attraction was increased. 
 
4.4.2 Effect of increasing air entrainment in air entrained concrete  
 With increase in the entrained air content from 6 to 17%, the slump was 
increased although the extent was not as significant as the change from non-air to air 
entrained concrete (Fig.4.14). In addition, the yield stress was relatively unaffected 
(Fig.4.12) while the plastic viscosity was decreased (Fig.4.13). As the entrained air 
content increased, the concrete would have greater deformation under shear and 
compression during the slump test. Furthermore, the volume ratio of the mortar 
fraction was also increased, causing the volume of LWA particles to decrease in the 
air entrained concrete. This resulted in greater distances between the LWA particles 
and further reduced inter-particle friction and interactions. These explain why the 
slump was increased and the plastic viscosity was decreased. On the other hand, the 
increase in the entrained air content would also lead to greater electrostatic attraction 
between the air bubbles and the cement particles. This resulted in greater cohesion, 
and might increase the yield stress. However, this effect might be offset by the 
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reduction of the internal friction due to the ball bearing effect of the entrained air 
bubbles, less LWA particles, and the dispersion of cement particles. As mentioned in 
the previous section, the yield stress in concrete is partly due to the mechanical 
interlocking between aggregates and the electrostatic attraction between the cement 
and other submicron particles. As entrained air content increased, the effect of further 
increase in the electrostatic attraction might be offset by greater reduction of the 
mechanical interlocking such that the yield stress remained relatively unchanged as 
shown in Fig.4.12. 
 
4.5 Comparison on workability of non-air and air entrained 
LWAC 
Figure 4.16 shows the relationship between the yield stress and the slump of 
the concrete with and without air entrainment. The data for the air entrained concrete 
consists of mixtures with plastic viscosity between 16 – 24 Pa·s for comparison (Table 
4.4 and Table 4.5). The data for the non-air entrained concrete included all the 
mixtures with F6.5 aggregate in Series I and II with SP dosage up to 7.31 kg/m3 
(Table 4.1 and Table 4.2). The air entrained concrete had the same solid material 
proportion as the non-air entrained concrete in Series II except for different air 
contents. In addition, the concrete in Series I and II had the same material proportion, 
except for different sand size distributions (Table 3.4). The average plastic viscosity 
of the air entrained concrete was 19 Pa·s, while that of the non-air entrained concrete 
was 53 Pa·s. 
From the figure, it appears that the air entrained concrete had higher yield 
stress than the non-air entrained concrete at similar slump. Apart from this, the air 
entrained concrete had lower plastic viscosity compared with the non-air entrained 
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concrete. Hence, the flow behaviour between the air entrained and non-air entrained 
concrete of the same slump may be different. The higher yield stress means that a 
higher shear stress is required to initiate flow of the air entrained concrete. However, 
once the flow has been initiated, the flow rate of the air entrained concrete will be 
higher than the non-air entrained concrete due to the lower plastic viscosity.  
Furthermore, it was also observed that the SP dosage of the air entrained concrete was 
lower compared with the non-air entrained concrete at similar slump. This was shown 
from the results in Series I by comparing between Mixes 6-9 to 11 (Table 4.1) with 
Mixes 6a-2, 3, 9, 10 and 12 (Table 4.4). In Series II, the comparison was between 
Mixes 6-27 to 31 (Table 4.2) with Mixes 6a-18 (Table 4.5). Hence, in the design of 
concrete mixture with a specified slump, the use of air entrainment allows for the 
reduction of SP dosage. 
 
Table 4.5 – Properties of air entrained concrete with F6.5 aggregate and a w/c of 




Plastic Yield Air  28-day Series SP SlumpMix  viscosity stress content strengthNo.  (kg/m3 (mm)) (Pa) (%) (MPa) (Pa.s) (kg/m3)
4.18 14 6A-18 1695 190 34.8 434 17 
13 6A-19 1680 175 32.5 530 18 
13 6A-20 1745 220 31.5 322 16 
6A-21 13 1725 230 264 18 38.5 
5.22 
6A-22 16 1655 245 213 16 29.4 
II 
12 6A-23 1680 220 33.8 290 19 
13 6A-24 1735 225 253 19 39.3 6.26 
11 6A-25 1735 230 37.0 213 24 
 
Comparing concrete of similar yield stress from Fig.4.16, it can be seen that 
the slump of the air entrained concrete is higher than that of the non-air entrained one. 
This is despite of the fact that the air entrained concrete had lower SP dosage, as 
compared with the non-air entrained concrete. Although both types of concrete have 
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similar yield stress, it is likely that the yield stresses were dominated by different 
sources. Comparing the non-air and air entrained concrete, the electrostatic forces of 
attraction between the cement and other submicron particles is likely to be higher in 
the latter while the mechanical interlocking between aggregates is likely to be higher 
in the former. In addition, the air entrained concrete had lower plastic viscosity than 
the non-air entrained one. The higher slump in the air entrained concrete was probably 



























Fig.4.16 – Slump of air entrained (plastic viscosity was about 19 Pa s) and non-air 
entrained (plastic viscosity was about 53 Pa s) concrete against yield stress. 
  
   - 98 -
4.6 Relationship between rheological parameters and slump 
4.6.1 Effect of yield stress and plastic viscosity on slump of non-air entrained 
concrete 
Figure 4.17 shows the graph of yield stress against slump of the 65 non-air 
entrained concrete in Series I and II, grouped according to different plastic viscosities 
from 20 to 80 Pa·s in intervals of 20 Pa·s. All the data were obtained from Table 4.1 
to Table 4.3. The figure shows that the yield stress of the concrete decreased as the 
slump increased and the correlation is that of a power-law relationship, as observed by 
Scullion (Scullion, 1975; Tattersall, 1976). Mork (1996) also reported the same non-
linear relationship although the slump was related to the g-value instead of the yield 
stress in his study. The difference in plastic viscosity of the concrete (20 to 80 Pa·s) 
does not seem to affect the relationship. This is confirmed from Fig.4.18, which 
shows that the plastic viscosity did not appear to have any correlation with the slump. 
This is consistent with what other researchers have reported for NWAC (Morinaga, 
1973, Tattersall and Banfill, 1983; Murata, 1984; Ferraris and de Larrard, 1998a). The 
values of the yield stress are widely spread at low slump of about 50-60 mm and 
below. This may be due to the fact that the slump test is not sensitive to differentiate 
concretes with very low slumps (Tattersall, 1991; Neville, 1995). In addition, 
although the BML rheometer has been used successfully for concretes with low 
slumps of 40-50 mm, it is designed for flowable concretes with slumps greater than 
120 mm (Mork, 1996; Wallevik O.H., 2003). Therefore, the accuracy of the results 
for concretes with low slumps may be lower. When the concrete with slump greater 
than 75 mm was considered, a linear relationship between the yield stress and slump 
could be observed. This will be discussed further in Section 4.6.3 (page 105).  




























Fig.4.17 – Relationship between the yield stress and slump of non-air entrained 




























Fig.4.18 – Relationship between the plastic viscosity and slump of non-air 
entrained concrete in Series I and II (according to different yield stresses) 
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4.6.2 Increase in slump of air entrained concrete at similar yield stress 
Table 4.6 shows the properties of non-air and air entrained concrete in Series I 
with similar yield stress about 650 Pa. Figure 4.19 shows the relationship between the 
plastic viscosity and the slump of the concretes. The figure shows that the plastic 
viscosity decreased as the slump increased due to increasing air entrainment. This is 
not consistent with the absence of correlation between plastic viscosity and slump of 
the non-air entrained concrete as observed in Fig.4.18 in the previous section and by 
other researchers as well (Tattersall and Banfill 1983; Tattersall, 1976; Murata, 1984; 
Mork, 1996). However, it is noted that the change in the plastic viscosity from these 
references was not achieved through air entrainment. In spite of this difference, it is 
known that air entrainment increases the slump of concrete (ACI 211, 1991).  
 
Table 4.6 – Properties of non-air and air entrained concrete in Series I having 






Yield 28-day Air SP SlumpMix MI viscosity stress strength content No. (kg/m3 (mm) (%) ) (kg/m3 (Pa) (MPa) (%) ) (Pa.s) (kg/m3)
6-5 1850 70 616 60 5 50.4 
6-6 1865 110 723 56 6 -- Non-air entrained 6.26 4.5 2220 
6-7 1855 75 697 58 5 51.2 
6A-2 1835 140 566 48 7 38.5 6 2135 
6A-3 1815 140 721 46 10 42.3 
6A-4 8 2065 1775 165 710 38 17 46.4 
6A-12 12 1935 1665 150 687 31 10 43.3 
6A-13 1660 190 599 19 17 45.5 
Air 
entrained 5.22 
14 1870 6A-14 1595 180 558 24 14 34.5 
6A-16 1550 180 612 19 19 33.3 17 1775 6A-17 1535 190 594 19 13 29.0 
 






























Fig.4.19 – Relationship between the plastic viscosity and slump of concrete in 
Series I at similar yield stress of about 650 Pa (Values besides corresponding data 
points are total air content). 
 
In a report of Project EuroLightCon (1998), it is mentioned that the slump test 
tends to underestimate the workability of LWAC. In other words, the slump of 
LWAC is normally lower than the slump of normal-weight aggregate concrete 
(NWAC) at similar workability. This is due to a lower density of the concrete as 
lighter coarse aggregates are used. The driving force that leads to the slump in the 
concrete is derived from the self-weight of the concrete. Hence, the slump tends to be 
lower when the density of concrete decreases at similar yield stress. 
In this study, apart from the increase in slump as entrained air content 
increased (Fig.4.19), the density of the concrete was also reduced at the same time 
(Fig.4.20). Hence, the slump was increased as the density of the air entrained concrete 
decreased (Fig.4.21). This is opposite to the finding stated in the Project 
EuroLightCon (1998) that the slump of LWAC is normally lower than the slump of 
NWAC at similar workability. The reason for this might be due to the decrease in the 
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plastic viscosity of the concrete that led to the increase in the slump.  It has been 
shown that the plastic viscosity is a function of the final slump when the slump of the 
concrete is greater than 200 mm (Ferraris and de Larrard, 1998a). The reason for the 
trend shown in Fig.4.21 could be that when the concrete slumped under the influence 
of self-weight, the one with a lower plastic viscosity would flow with greater 
acceleration than another with a higher plastic viscosity. The concrete flowing with 




























Fig.4.20 – Effect of air entrainment on density of concrete in Series I at similar 
yield stress of about 650 Pa 
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Fig.4.21 – Effect of change in density of concrete in Series I on slump due to air 
entrainment at similar yield stress of about 650 Pa 
 
This is further explained by Wallevik J.E. (2003) who states that for a given 
yield stress, the concrete with a smaller spacing between the larger aggregates tends to 
form a self-bearing network due to interlocking of the aggregates during the slump 
test. This prevents further flow of the concrete leading to a lower slump. In the current 
study, as the entrained air content increased, the average spacing between the 
aggregates in the concrete was also increased, which was one of the reasons for the 
reduction of the plastic viscosity, as mentioned earlier in Section 4.4.2 (page 95). This 
explains the higher slump of the air entrained concrete when the plastic viscosity 
decreased.  
In the study by Wallevik J.E. (2003), the concrete with the larger average 
spacing between the aggregates has a lower w/c, and thus, a higher average plastic 
viscosity due to lower water content. His results show that the concrete with higher 
average plastic viscosity has higher slump for a given yield stress. This is contrary to 
the results obtained for the air entrained concrete in the current study. The results for 
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the air entrained concrete with similar yield stress indicated that as the plastic 
viscosity decreased, the slump increased. However in both cases, the slump increased 
as the average spacing of the aggregates increased. This implied that the spacing of 
the aggregates might have significant effect on the slump of concrete with given yield 
stress. This will be further discussed in the next section. In summary, the increase in 
the entrained air content led to the decrease of both the plastic viscosity and the 
density of concrete, while the slump was increased. 
 
4.6.3 Empirical relationships between slump, density and rheological 
parameters  
There have been several attempts to establish relationship between the yield 
stress and slump of normalweight aggregate concrete (NWAC) and the details are 
presented in Section 2.4 (page 39). Figure 4.22 shows a linear relationship between 
the yield stress and the slump of the non-air entrained LWAC from the current study, 
excluding the concrete with slump of 75 mm and below in view of the lower accuracy 
of the BML rheometer and the slump test for low-slump concrete. The data were 
obtained from Table 4.1 to Table 4.3. There are two outliers from the data that were 
excluded from the analysis as indicated by blank symbols in the figure. The outliers 
were probably attributed to incorrect measurements of the slump during the 
experiment. This is because the slump test is operator-dependant unlike the BML 
rheometer, which is independent of the operator during the test. The relationship 
between the yield stress τ0 (Pa) and the slump S (mm) of the non-air entrained LWAC 
obtained by linear regression (Fig.4.22) is given by: 
τ0 = 630 – 2.33S    (4.1) 
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Fig.4.22 – Relationship between yield stress and slump of non-air entrained LWAC 
(blank symbols indicate outliers that are excluded from analysis) 
 
According to Wallevik J.E. (2003), the average spacing between the 
aggregates influences the relationship between the yield stress and the slump of the 
NWAC. He studied concrete with w/c of 0.4, 0.5 and 0.6. The binder∗ content 
(inclusive of superplasticizer) per cubic metre of concrete in the mixture proportions 
was 0.320, 0.305 and 0.295, respectively. From there, he obtained three sets of 
relationship between the yield stress τ0 (Pa) and the slump S (mm) as follows 
(Fig.2.17): 
 w/c 0.4:  τ0 = 1290 – 5.38S     (4.2) 
w/c 0.5:  τ0 = 925 – 3.77S    (4.3) 
w/c 0.6:  τ0 = 705 – 2.67S      (4.4) 
From the equations, it is observed that for a given yield stress the concrete with a 
higher w/c, and lower binder content, has a lower slump. Due to the decreasing binder 
                                                 
∗ According to ACI 116R-00 Cement and Concrete Terminology: Binders –  “cementing materials, 
either hydrated cements or products of cement or lime and reactive siliceous materials; the kinds of 
cement and curing conditions govern the general kind of binder formed; also materials such as asphalt, 
resins, and other materials forming the matrix of concretes, mortars, and sanded grouts.” 
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content in the concrete with increasing w/c from 0.4 to 0.6, the average spacing 
between the larger aggregates is reduced. This increases the ease with which a self-
bearing network of aggregates may be formed during the slump test and prevents 
further flow of the concrete, resulting in the lower slump. This explains why the 
concrete with similar yield stress has lower slump when the binder content decreases.  
 The relationship of the yield stress and slump of the non-air entrained LWAC 
in the current study, as shown in Equation (4.1), was a close approximation to the 
Equation (4.4), which is based on the NWAC with w/c of 0.6 from the study by 
Wallevik J.E. (2003). The binder content per cubic metre of the concrete in the 
current study was 0.290 (Table 3.5), and was in close proximity to the binder content 
of 0.295 in the concrete with w/c of 0.6. The slightly higher slope in the Equation (4.4) 
compared with that of the Equation (4.1) indicates that the concrete has a higher 
slump for a given yield stress. This might be due to the higher density of the NWAC 
as compared with the LWAC in the current study, which was discussed in the 
previous Section 4.6.2 (page 101). This further confirmed that the relationship of the 
yield stress and the slump of the LWAC in the current study might be influenced by 
the average spacing of the large aggregate particles in the concrete, as suggested by 
Wallevik J.E.  (2003). 
Figure 4.23 shows the relationship between the yield stress and slump of the 
non-air and air entrained concrete in the current study. The non-air entrained concrete 
had about 4.5% of air content, while the air entrained concrete had up to 17% of air 
content. The equation of the relationship for the air entrained concrete is given by: 
τ0 = 1510 – 5.09S      (4.5)  
Equation (4.5) is a close approximation to Equation (4.2), which is based on the 
concrete with the largest average spacing between the aggregates due to the highest 
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binder content (Wallevik J.E., 2003). Although the binder content between the non-air 
and air entrained concrete in the current study was the same, the average spacing 
between the aggregates in the air entrained concrete was larger than that in the non-air 
entrained concrete with the increase in air content. This explains the higher slope in 
the yield stress-slump relationship of the air entrained concrete compared with that of 
the non-air entrained concrete, resulting in higher slump for a given yield stress. 
Fig.4.23 also shows larger scatter of the data for the air entrained concrete with a 
correlation coefficient of 0.63, while the data for the non-air entrained concrete had a 
coefficient of 0.86. As shown by the results of Wallevik J.E. (2003), the slope of the 
yield stress-slump relationship is affected by the average spacing between the 
aggregates. As the air content was increased, the average spacing between the 
aggregates also increased. This might result in different slopes for the yield stress-
slump relationship of the air entrained concrete at different air contents. However, due 
to the limited data at each of the air content, it is not possible to observe a clear trend 
from Fig.4.23.  
Besides this, the difference in the slump for a given yield stress between the 
non-air and air entrained concrete decreased as the yield stress of the concrete 
decreased, in the relationship between the yield stress and the slump (Fig.4.23). This 
trend is also observed in other studies (ACI 236A, 2005; Ferraris and Brower, 2001 & 
2003a; Wallevik J.E., 2003) (Figs.2.15 to 2.17). 
An equation of similar form as Equation (2.20) that relates the yield stress τ0, 
the slump S and the density ρ of the non-air entrained LWAC in the current study was 
proposed based on the experimental data as follows: 
640
ρτ0 = (300 – S) – 130    (4.6) 
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Comparing Equation (4.6) with that of Equations (2.22) (Hu et al., 1996) and (2.23) 
(Ferraris and de Larrard, 1998a), it is observed that the constant A of 640 from the 
former equation is more than twice the value of about 300 from the latter two 
equations. The reason is due to different types of rheometers used. The BML 
rheometer used in the current study is known to provide a lower yield stress than the 
BTRHEOM rheometer used in the other study for the same concrete mixture 
(Fig.2.16), as mentioned in Section 2.4 (page 39).  
τo = -2.33S  + 630
R2 = 0.86


























Fig.4.23 – Relationship between yield stress and slump of LWAC with various air 
content (non-air entrained concrete had about 4.5% air content) 
 
Figure 4.24 shows the comparison between the experimentally determined 
yield stress and the calculated yield stress of the non-air entrained LWAC with a 
correlation coefficient of 0.81. As for the air entrained concrete, no equation was 
proposed in view of the poor correlation between the yield stress and the slump due to 
the influence of the average spacing between the aggregates at different air contents, 
which also affects the plastic viscosity. More research and data are needed.  
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Fig.4.24 – Comparison of experimentally determined yield stress with calculated 
yield stress using Equation (4.6) 
 
4.7 Summary and conclusions  
 In this study, the rheological parameters, which are the yield stress and the 
plastic viscosity, were determined from the BML rheometer. It should be noted that 
different types of rheometers give different values of the rheological parameters for 
the same concrete mixture. However, similar trend is expected from the different 
types of rheometers. In this chapter, the workability of the fresh LWAC was 
investigated from rheology perspective, and related to the slump. Based on the current 
experimental results and discussion in Chapter 4, the following conclusions may be 
drawn: 
1. An increase in the superplasticizer (SP) content in lightweight aggregate 
concrete (LWAC) reduced the yield stress, but did not have a significant effect 
on the plastic viscosity. This is consistent with the results for NWAC. 
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2. For a given mixture proportion and maximum aggregate size, increasing the 
fineness modulus of aggregate results in lower plastic viscosity of the LWAC 
due to lower specific surface area of the aggregate. The yield stress, however, 
was not significantly affected. This is consistent with the results for NWAC. 
3. For concrete with given paste, sand, and LWA proportion, the LWAC with 
higher water-to-cement ratio had lower yield stress and plastic viscosity. This 
is consistent with the results for NWAC. 
4. With a given SP dosage, the yield stress and plastic viscosity of the LWAC 
were reduced with air entrainment so that the air entrained concrete had lower 
yield stress and plastic viscosity than the non-air entrained concrete. In 
addition, as the air entrainment was increased, the plastic viscosity of the air 
entrained concrete was decreased, whereas the yield stress remained relatively 
unchanged. 
5. With a given SP dosage, the slump of the LWAC increased significantly with 
the incorporation of air entraining admixture. The slump continued to increase 
as the entrained air content increased. However, the extent of the increase in 
the slump with increasing entrained air content was not as significant as when 
the entrained air was first introduced into the concrete. 
6. At similar slump, the air entrained LWAC had higher yield stress and lower 
plastic viscosity compared with the non-air entrained LWAC. This implied 
that higher shear stress is required to initiate flow in the air entrained LWAC 
but the flow rate of the air entrained LWAC would be higher than the non-air 
entrained LWAC. Furthermore, in order to obtain the LWAC with similar 
slump, less SP is required for the air entrained LWAC.  
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7. At similar yield stress, the air entrained LWAC had higher slump than the 
non-air entrained LWAC although the former had lower SP dosage.  
8. The yield stress of the non-air entrained LWAC decreased as the slump 
increased from 25 to 250 mm, according to a power-law relationship. On the 
other hand, a linear yield stress-slump relationship was observed when only 
the LWAC with slump greater than 75 mm was considered. Plastic viscosity, 
however, did not appear to have any correlation with the slump of the non-air 
entrained LWAC. 
9. At similar yield stress, the plastic viscosity and the density of the air entrained 
LWAC decreased as the slump increased due to increasing air entrainment. 
The increase of the slump might be due to the increase in the average spacing 
between the aggregates, which was one of the reasons for the decrease in the 
plastic viscosity, as entrained air content increased. 
10. The average spacing between the aggregates might influence the slope of the 
yield stress-slump relationship such that a larger spacing would result in a 
higher slump of the LWAC at similar yield stress.  
11. The difference in the slump for a given yield stress between the non-air and air 
entrained LWAC decreased as the yield stress of the concrete decreased in the 
yield stress-slump relationship. This is consistent with the results for NWAC. 
12. The yield stress was related to the slump and density of the non-air entrained 
LWAC in an empirical equation. The calculated yield stress using the equation 
was found to be a good estimation of the experimentally determined yield 
stress.  
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 It is recognized that the incorporation of either SP or AEA leads to slump 
increase and workability improvement of the fresh LWAC. However, it was noted 
that these chemical admixtures improve the workability differently from rheology 
perspective. The use of SP results in the decrease of yield stress of the concrete 
whereas its plastic viscosity is relatively unaffected. This implies that shear stress 
required to initiate flow of the superplasticized concrete is reduced while its flow rate 
remains relatively unchanged. Comparatively, the use of a small amount of AEA 
reduced both the yield stress and plastic viscosity of the air entrained LWAC, as 
presented in this study. Hence, the air entrained concrete would require a lower shear 
stress to initiate the flow and its flow rate would also be higher.  
With small amount of entrained air, mechanical properties of hardened 
concrete would not be affected significantly. In this study, an increase of total air 
content by about 1.5% (from 4.5 to 6%) from non-air to air entrained concrete had 
increased the slump significantly while the 28-day strength compressive was 
relatively unaffected. This is due to a drastic difference in the air void structure 
between the non-air and air entrained concrete, as shown in Fig.4.15. Therefore, it 
would be worthwhile to consider using air entrainment as an alternative mean to 
improve workability. Apart from the effect of air entrainment on the workability 
aspect of the fresh LWAC, the stability of the concrete will be presented in greater 
details in Chapter 6 (page 127).  
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5  MASS DEVIATION INDEX – 
AN INDICATOR OF SEGREGATION 
 
5.1 Evaluation of Mass Deviation Index 
As the Mass Deviation Index (MI) is an indicator for segregation, it was 
necessary to determine the significance of this index relative to the properties of the 
hardened concrete. Thus the effect of the MI on the density, compressive strength and 
elastic modulus of the hardened concrete was investigated. The procedure for the 
preparation and testing of the concrete specimens has been presented in Section 3.4.2 
(page 67). The properties of the fresh concrete and test results of the hardened 
concrete are presented in Table 5.1 and Table 5.2 for the non-air entrained concrete, 
and in Table 5.3 for the air entrained concrete. The results of the density, compressive 
strength, and elastic modulus of the hardened concrete are presented according to top, 
middle, and bottom layers of the cut cylinders in the tables. It should be noted that the 
aspect ratio of the specimens used in this study was less than unity, and of non-
standard dimensions as compared with the recommendations from ASTM C192. 
Thus, the absolute measured values obtained from the various tests were expected to 
differ from that obtained in standard practice for given quality of concrete. Despite 
this limitation, the relationship of the MI with each measured property of the LWAC 
should provide an indication of the significance of the index relative to the degree of 
segregation in the LWAC.   
From the tables, it was observed that the MI of the concrete increased in 
general as the duration of vibration increased, especially when the yield stress of the 
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concrete was lower. In addition, when the yield stress of the non-air entrained 
concrete was 637 Pa, there was limited segregation as indicated by the low MI-values 
even up to 120s of the vibration (Mixes 6-42 to 45). This implied that at that level of 
yield stress the concrete might not have fluidised during vibration. This will be 
discussed in more details in Section 6.4.1 (page 139). The results indicate that the 
stability of the concrete is affected by both internal and external factors. The former 
consists of the rheological parameters while the latter includes vibratory parameters 
such as the frequency, amplitude, and duration.   
Tables 5.1 to 5.3 also include the standard deviations and the coefficients of 
variation of the results calculated from each of the 3 layers. The standard deviation 






−= ∑      (5.1) 
where x is the specimen value, x  is the mean, and n is the number of specimens. The 
coefficient of variation (COV) is given by: 
x
StdevCOV =      (5.2) 
In practice, these statistical parameters are used for quality control, as they provide an 
indication for variation of a measured property in a single batch of concrete, or 
between different batches of concrete with the same mixture proportion. In the current 
study, these statistical parameters were used to indicate if the segregation was 
significant in the concrete. If the segregation of the concrete was not significant, the 
statistical parameters would be within the normal range of values commonly 
encountered in practice. On the other hand, when the segregation was significant such 
that the property of the hardened concrete was affected, the value of the statistical 
parameters would be greater than those commonly encountered in practice. The 
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relationship of these statistics parameters is related to the MI so as to estimate the 
value of the MI beyond which segregation in the concrete become significant. This 
will be presented in the next Section 5.2 (page 122). 
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Table 5.1 – Properties and test results of non-air entrained concrete to determine the significance of Mass Deviation Index (MI) relative 















































 15T 1786 57.4 23.7 
 15M 1811 63.3 25.9 6-35 





1.3 0.052 3 
 30T 1805 61.4 26.8 
 30M 1785 51.0 24.9 6-36 





1.0 0.037 10 
 120T 1709 53.3 21.7 
 120M 1797 55.3 26.7 6-37 
1830 180 4.5 154 58 





4.6 0.173 22 
 15T 1876 56.8 27.8 
 15M 1850 50.0 23.5 6-38 





2.2 0.086 9 
 30T 1821 50.6 23.7 
 30M 1849 48.3 27.6 6-39 





3.2 0.118 11 
 60T 1765 51.4 24.4 
 60M 1829 45.5 24.5 6-40 





3.3 0.124 22 
 120T 1669 46.1 21.8 
 120M 1892 57.2 26.4 6-41 
1780 220 4.5 122 48 





6.7 0.242 53 
* Layer ID: Number denotes duration of vibration (sec); “T, M, B” denotes top, middle or bottom of a 3-layer specimen, respectively. 
^ Stdev is standard deviation; COV is coefficient of variation. 
Table 5.2 – Properties and test results of non-air entrained concrete to determine the significance of Mass Deviation Index (MI) relative 




























Stdev^ COV^ COV^ MI  Strength 
(MPa) (kg/m3) Density Strength (%) 
 15T 1850 52.9 
 15M 1870 55.5 6-42 
 15B 
10 0.006 2.6 0.047 5 
58.1 1870 
 30T 1845 55.6 
 30M 1860 55.1 6-43 
 30B 
25 0.012 0.7 0.013 5 
1890 56.5 
 60T 1865 55.5 
     
1860 60 4.5 637 59 
 60M 1855 50.9 6-44 
 60B 
25 0.014 2.3 0.043 3 
1905 53.3 
 120T 1850 57.2 
 120M 1860 52.5 6-45 
 120B
20 0.011 3.2 0.057 5 
1890 58.6 
 15T 1845 58.8 
 15M 1850 57.1 6-46 
 15B 
20 0.011 1.1 0.018 5 
1885 59.1 
 30T 1835 55.4 
 30M 1840 53.3 6-47 
 30B 
50 0.026 2.9 0.051 15 
1920 58.9 
 60T 1805 53.4 1800 200 4.5 109 47 
 60M 1835 52.4 6-48 
 60B 
105 0.056 5.9 0.105 20 
2000 63.1 
 120T 1720 47.1 
 120M 1910 59.3 6-49 
 120B
175 0.091 11.2 0.192 29 
2065 69.6 
* Layer ID: Number denotes duration of vibration (sec); “T, M, B” denotes top, middle or bottom of a 3-layer specimen, respectively. 
^ Stdev is standard deviation; COV is coefficient of variation. 
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Table 5.3 – Properties and test results of air entrained concrete to determine the significance of Mass Deviation Index (MI) relative to 






































15T 1665 46.7 




1.2 0.026 5 
30T 1725 38.3 




4.9 0.112 11 
60T 1660 35.1 




3.1 0.085 4 
120T 1725 43.5 
120M 1765 43.9 6A-29




1.3 0.030 8 
15T 1685 41.7 




3.8 0.090 8 
30T 1655 40.6 




1.2 0.028 5 
60T 1650 38.1 




7.2 0.171 14 
120T 1680 34.5 














11.2 0.237 20 
* Layer ID: Number denotes duration of vibration (sec); “T, M, B” denotes top, middle or bottom of a 3-layer specimen, respectively. 
^ Stdev is standard deviation; COV is coefficient of variation. 
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Table 5.4 shows the distribution profiles of coarse aggregate mass in the 
concrete mixtures after the vibration and the corresponding MI values calculated 
according to Equation (3.1). In general, the distribution profiles show increased mass 
of the coarse aggregates towards the top layer. This was expected since the LWAs had 
lower densities than the mortar matrix, and the LWAs had a tendency to migrate 
upward during the vibration. The density of the LWA was 1250 kg/m3 after the 1-
hour water absorption while the density of non-air entrained mortar was 2220 kg/m3. 
Even when the mortar matrix had an entrained air content of 17%, the highest air 
content in this study, the mortar density was 1775 kg/m3 and still higher than the 
density of the LWA. However, the top layer did not have the greatest mass of LWA 
for some concrete mixtures. This could be due to congestion of LWA at some heights 
in the fresh concrete samples that might have prevented upward movement of the 
LWA during vibration. This explains why in some mixtures the second and third 
layers from the top contained higher coarse aggregate mass than the top layer.  
When LWAC experiences segregation, the density, compressive strength and 
elastic modulus of the concrete are expected to decrease from the bottom towards the 
top along the vertical height of a given specimen. This is due to the fact that the LWA 
had lower density, compressive strength and elastic modulus relative to the mortar 
matrix. This explains why most of the properties of the hardened concrete shown in 
Table 5.1 to Table 5.3 had highest value in the bottom layer and lowest in the top 
layer, although there were exceptions. The top layers in some of the 3-layer cylinders 
did not have the lowest values due to possible congestion of the LWA during 
segregation as mentioned above. 
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Table 5.4 – Distribution profile of coarse aggregate mass for concrete and corresponding Mass Deviation Index (MI) 
Mix no. 6-35 6-36 6-37 6-38 6-39 6-40 6-41 6-42 6-43 6-44 6-45 6-46 6-47 6-48 6-49 
Layer 1 (top) 301 356 401 354 360 393 417 337 323 316 315  
Layer 2 304 307 332 324 330 334 393 320 332 314 301  
Layer 3 312 325 333 335 325 339 359 325 330 325 328  
Layer 4 310 313 338 327 345 332 352 327 318 325 325 Data not available  
Layer 5 305 319 300 311 303 285 295 316 305 325 304  
Layer 6 (bottom) 296 326 272 296 289 255 154 308 309 310 303  
Total mass (g) 1828 1946 1976 1947 1952 1938 1970 1933 1917 1915 1876  
Average mass (g) 305 324 329 325 325 323 328 322 320 319 313  
MI (%) 3 10 22 9 11 22 53 5 5 3 5  
Mix no. 6A-26 6A-27 6A-28 6A-29 6A-30 6A-31 6A-32 6A-33 
Layer 1 (top) 309 322 292 285 310 321 329 378
Layer 2 303 282 277 307 302 318 318 342
Layer 3 301 281 272 296 296 294 316 340
Layer 4 303 299 279 296 312 307 316 323
Layer 5 285 277 291 289 311 312 296 301
Layer 6 (bottom) 282 282 277 266 276 292 264 260
Total mass (g) 1783 1743 1689 1738 1807 1844 1839 1944
Average mass (g) 
%)
297 290 281 290 301 307 307 324
MI (  5 11 4 8 8 5 14 20
5.2 Effect of Mass Deviation Index on properties of hardened 
LWAC  
Figures 5.1 to 5.3 show the effect of MI on the standard deviations of the 
density, compressive strength, and elastic modulus of the concrete, respectively. In 
the figures, the standard deviation on each of the properties was determined based on 
the 3 layers (top, middle and bottom) in each of the concrete cylinders. The 
relationship of the standard deviation in the density of both the non-air and air 
entrained concretes with the MI-value appeared to be similar, as shown in Fig.5.1. 
This also applied to the relationship of the standard deviation in the compressive 
strength with the MI-value (Fig.5.2). According to Figs. 5.1 to 5.3, the standard 
deviations of the density, compressive strength, and elastic modulus were estimated at 

































Fig.5.1 – Effect of the MI on the standard deviation in the density of hardened 
concrete at 35th day determined from cylindrical specimens cut in 3 layers 
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Fig.5.2 – Effect of the MI on the standard deviation in the compressive strength of 
hardened concrete at 35th day determined from cylindrical specimens cut in 3 layers 
 





































Fig.5.3 – Effect of the MI on the standard deviation in the elastic modulus of 
hardened concrete at 35th day determined from cylindrical specimens cut in 3 layers 
 
Figures 5.4 to 5.6 show the effect of MI on the coefficients of variation of the 
density, compressive strength, and elastic modulus of the concrete, respectively. 
Figure 5.5 shows two relationships between the coefficient of variation of the 
compressive strength and the MI for the non-air and air entrained concrete, 
respectively. In the figure, the coefficient of variation of the air entrained concrete 
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was higher than that of the non-air entrained concrete at similar MI value, although 
the concretes had similar standard deviations at each MI (Fig.5.2). This was due to 

































Fig.5.4 – Effect of the MI on the coefficient of variation in the density of hardened 
concrete at 35th day determined from cylindrical specimens cut in 3 layers 
 
y = 0.0046x + 0.02
R2 = 0.86





































Fig.5.5 – Effect of the MI on the coefficient of variation in the compressive strength of 
hardened concrete at 35th day determined from cylindrical specimens cut in 3 layers 
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Fig.5.6 – Effect of the MI on the coefficient of variation in the elastic modulus of 
hardened concrete at 35th day determined from cylindrical specimens cut in 3 layers 
 
 
Figures 5.7 and 5.8 shows the effect of MI on the coefficients of variation of 
the various properties of the non-air and air entrained concrete, respectively. 
According to Fig.5.7, when the coefficient of variation was 0.1, the MI values for the 
non-air entrained concrete were about 35% (density), 18% (compressive strength), 
and 14% (elastic modulus), respectively. According to Fig.5.8, when the coefficient of 
variation was 0.1, the MI value for the air entrained concrete was 10% (compressive 
strength). For the purpose of this research study, the LWAC was assumed to have 
significant segregation when the variability of a property based on the three layers 
showed a coefficient of variation that was 0.1 and above. For the air entrained 
concrete, the lowest MI value was about 10% based on the compressive strength 
(Fig.5.8), while the non-air entrained concrete had the lowest MI of 14% based on the 
elastic modulus (Fig.5.7). 
 






























Fig.5.7 – Effect of the MI on the coefficient of variation in the properties of non-air 




























Fig.5.8 – Effect of the MI on the coefficient of variation in the properties of air 
entrained concrete at 35th day determined from cylindrical specimens cut in 3 layers 
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6 EFFECT OF RHEOLOGICAL PARAMETERS 
ON STABILITY OF LWAC 
 
6.1 Introduction 
This chapter presents the results and discussion from the investigation on the 
stability of the fresh LWAC. In this study, segregation was evaluated using the Mass 
Deviation Index (MI), as described in Section 3.4.2 (page 67). The significance of this 
index related to some properties of the hardened LWAC has been presented in 
Chapter 5 (page 114). The first part of this chapter presents the effect of increasing 
LWA density and water-to-cement ratios (w/c) on the stability of the non-air entrained 
concrete. The next section is on the effect of increasing air entrainment on the 
stability of the air entrained LWAC. This is followed by the comparison on the 
stability between the non-air and air entrained concrete. The comparison was first 
done on concretes with similar yield stress and, secondly, on concretes with similar 
slump.  
 
6.2 Effect of LWA density and w/c on stability of LWAC 
Table 6.1 to Table 6.4 show the distribution profiles of coarse aggregate mass 
in the concrete mixtures of Series I after the vibration and the corresponding MI 
calculated according to Equation (3.1). For a given mortar density in Series I, the MI 
and corresponding rheological parameters of the concrete with F5, F6.5, and F8 
aggregates are given in Table 4.1. In the segregation test, the concrete in Series I was 
vibrated on a vibration table with a fixed frequency of 50 Hz and amplitude of 0.21 
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mm for a duration of 2 minutes. The effect of the LWA density is shown in Fig.6.1, 
where the MI is plotted against the yield stress of the concrete with aggregates of 
different densities. In general the segregation increased with the decrease in yield 
stress of concrete regardless of the density of the LWA used.  
From Fig.6.1 it appears that at any yield stress the concrete with the lighter F5 
LWA had higher MI, indicating more segregation, whereas the concrete with heavier 
F8 LWA had lower MI, indicating less segregation. This may be partly attributed to 
the relative densities of the LWA and mortar matrix. The mortar density of all the 
mixtures in the non-air entrained concrete with w/c 0.35 in Series I was about 2220 
kg/m3, whereas the F5, F6.5 and F8 LWA had 1-hour wet densities of 1000, 1250 and 
1600 kg/m3. From Equations (2.36) and (2.37), it may be observed that a particle with 
a smaller size and having a smaller density difference with its surrounding medium 
will have a lower tendency to segregate. Among the LWA used, F8 aggregate 
contained more small particles between 2.36 to 4.75 mm than in F5 and F6.5 
aggregates (Table 3.4). F8 aggregate also had the highest wet particle density of 1600 
kg/m3, closest to the mortar density of 2220 kg/m3. These explain why concrete with 
F8 aggregate had the lowest segregation during vibration. The results presented are 
consistent with those by Saak, Jennings and Shah (2001) on self-consolidating 
NWAC. In their study, it was concluded that maximum segregation resistance might 
be achieved with high yield stress of the paste and low difference in density between 
the aggregate and paste. 
   - 129 - 
Table 6.1 – Distribution profile of coarse aggregate mass for concrete with F5 aggregate in Series I and corresponding Mass Deviation 
Index (MI) 
Mix ID 5-1 5-2 5-3 5-4 5-5 5-6 5-7 5-8 5-9 5-10 5-11 5-12 5-13 5-14 5-15 5-16 
Layer 1 (top) 501 529 504 526 555 521 581 635 558 505 504 551 532 568 692 650 
Layer 2 451 445 472 472 424 458 408 407 420 465 450 441 420 491 609 456 
Layer 3 455 450 468 504 489 438 461 447 467 455 468 457 438 473 452 452 
Layer 4 445 468 461 470 481 483 459 458 490 479 447 440 444 427 458 469 
Layer 5 462 482 457 491 456 512 470 436 432 444 412 471 470 454 443 435 
Layer 6 (bottom) 476 443 458 458 478 424 441 387 481 514 454 436 433 376 229 450 
Total mass (g) 2790 2817 2820 2921 2883 2836 2820 2770 2848 2862 2735 2796 2737 2789 2883 2912 
Average mass (g) 465 470 470 487 481 473 470 462 475 477 456 466 456 465 481 485 
MI (%) 8 13 7 8 16 10 24 38 18 8 11 18 17 22 52 34 
 
Table 6.2 – Distribution profile of coarse aggregate mass for concrete with F6.5 aggregate in Series I and corresponding Mass Deviation 
Index (MI) 
Mix ID 6-1 6-2 6-3 6-4 6-5 6-6 6-7 6-8 6-9 6-10 6-11 6-12 6-13 6-14 
Layer 1 (top) 584 594 583 564 599 574 609 584 662 642 611 811 742 836 
Layer 2 583 552 584 587 556 566 591 552 585 529 566 586 616 687 
Layer 3 596 577 574 592 549 575 552 582 598 552 561 450 618 621 
Layer 4 564 538 581 596 566 566 600 556 665 557 566 550 599 565 
Layer 5 577 584 569 565 572 532 564 578 656 557 572 565 605 476 
Layer 6 (bottom) 564 566 553 584 582 525 577 580 494 552 547 559 428 419 
Total mass (g) 3466 3411 3444 3488 3424 3338 3493 3432 3660 3389 3423 3521 3608 3603 
Average mass (g) 578 569 574 581 571 556 582 572 610 565 571 587 601 601 
MI (%) 3 5 4 3 5 6 5 3 19 14 7 38 29 39 
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Table 6.3 – Distribution profile of coarse aggregate mass for concrete with F8 aggregate in Series I and corresponding Mass Deviation 
Index (MI) 
Mix ID 8-1 8-2 8-3 8-4 8-5 8-6 8-8 8-9 8-10 8-11 8-12 8-13 8-14 8-15 
Layer 1 (top) 714 775 783 782 745 807 770 782 754 856 854 949 861 867 
Layer 2 738 815 748 784 771 808 763 753 753 764 751 846 859 801 
Layer 3 838 791 756 813 802 812 785 765 735 778 789 755 769 748 
Layer 4 800 769 758 767 777 789 779 757 740 782 799 709 775 675 
Layer 5 769 770 758 748 754 811 772 748 736 735 736 781 775 737 
Layer 6 (bottom) 797 738 760 794 809 768 798 728 742 790 784 506 549 669 
Total mass (g) 4656 4658 4563 4688 4658 4795 4667 4533 4460 4705 4713 4546 4588 4497 
Average mass (g) 776 776 761 781 776 799 778 756 743 784 786 758 765 750 
MI (%) 8 5 3 4 4 4 3 4 1 9 9 33 28 16 
 
Table 6.4 – Distribution profile of coarse aggregate mass for air entrained concrete with F6.5 aggregate in Series I and corresponding 
Mass Deviation Index (MI) 
Mix ID 6A-2 6A-3 6A-4 6A-6 6A-7 6A-8 6A-9 6A-10 6A-11 6A-12 6A-13 6A-14 6A-15 6A-16 6A-17 
Layer 1 (top) 600 531 535 572 598 568 567 559 567 522 542 587 564 625 525 
Layer 2 604 538 590 548 554 510 548 533 563 532 521 560 501 547 529 
Layer 3 576 554 573 567 560 531 536 520 571 514 520 537 528 523 547 
Layer 4 559 549 563 576 544 551 530 510 526 530 546 533 506 523 512 
Layer 5 584 565 593 542 542 534 512 484 558 580 492 523 488 500 492 
Layer 6 (bottom) 539 485 459 499 434 457 462 430 446 493 421 457 411 426 440 
Total mass (g) 3462 3222 3313 3304 3232 3151 3155 3036 3231 3137 3042 3197 2998 3144 3045 
Average mass (g) 577 537 552 551 539 525 526 506 539 523 507 533 500 524 508 

















Fig.6.1 – Effect of aggregate density on the Mass Deviation Index 
 
The properties of the concrete with F6.5 aggregate and a w/c of 0.35 are given 
in Table 4.1 while that of the concrete with a w/c of 0.45 are given in Table 4.3. Both 
concretes had similar volumetric composition of cement paste and aggregates. Due to 
higher water content in the concrete with higher w/c, the plastic viscosity was 
consistently lower than the one with lower w/c. The different dosages of SP in the 
concretes should not affect the plastic viscosity significantly as discussed in Section 
4.3 (page 83). Figure 6.2 shows the effect of w/c, where the MI is plotted against the 
yield stress of the concrete with different w/c of 0.35 and 0.45. In general, similar 
trend as that in Fig.6.1 was observed, the segregation increased with the decrease in 
the yield stress of concrete regardless of the w/c. From the figure, it appears that at 
any yield stress the concrete with higher w/c had higher MI, indicating more 
segregation, whereas the concrete with lower w/c had lower MI, indicating less 
segregation. This was due to a lower plastic viscosity in the concrete with higher w/c. 
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Figure 6.3 shows the effect of a naphthalene-based superplasticizer on the MI 
of the LWAC. As the dosage of the SP increased, the MI was observed to increase. 
This was due to the decrease of the yield stress. The scatter of the data at each SP 
dosage was probably due to different batches of SP used such that there was a 
variation of the yield stress of the concrete. However, this did not affect the analysis 
of the results in the current study. The repeatability of the test results has been 

















Fig.6.2 – Effect of water-to-cement ratio on the Mass Deviation Index 


















Fig.6.3 – Effect of a naphthalene-based superplasticizer on the Mass Deviation 
Index 
 
6.3 Effect of increasing air entrainment on stability of air 
entrained LWAC 
For a given aggregate, the MI and corresponding rheological parameters for 
the air entrained concrete with F6.5 aggregate in Series I are given in Table 4.4. 
Figure 6.4 shows the relationship between the MI value and the plastic viscosity of 
the air entrained concrete in Series I. The concretes had similar yield stress with a 
mean of 720 + 130 Pa and were vibrated on a similar vibration table mentioned in the 
previous section. The corresponding mortar density, in kg/m3, is shown next to each 
data point.  
From the Figure, it was observed that MI increased with the decrease in plastic 
viscosity due to increase in air entrainment. Thus, the potential for segregation was 
likely to increase as the concrete became less viscous. Moreover, while the material 
proportion was kept constant as air content increased, the mortar phase of the air 
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entrained concrete would have a larger volume as air content was increased, leading 
to a smaller volume of coarse aggregate in the concrete. Thus, the inter-particle 
interactions and interlocking would be less and the air entrained concrete with higher 
entrained air content would be more prone to segregation. In addition, the attachment 
of the air bubbles around the LWA particles due to electrostatic attraction may 
increase the tendency of upward movement of the LWA particles to the surface as 
mentioned in Section 2.2.3 (page 24). This is because the floatation force of the 
entrained air bubbles is in the same direction as that of the LWA particles since both 
have lower densities than that of the mortar matrix. Hence, the tendency of the 
upward movement of the LWA particles may increase as the air entrainment 
increased.  
On the other hand, as the plastic viscosity decreased, so did the mortar density, 
which indicated that the density difference between the LWA and mortar matrix 
became smaller. From Equations (2.36) and (2.37), this would reduce the tendency for 
segregation. Hence, for concrete with a given LWA and mixture proportion, the 
increase in the entrained air content not only reduces the plastic viscosity; it also 
reduces the density difference between the LWA particle and the mortar matrix. 
While the former tends to reduce the stability, the latter tends to increase the stability. 
From the result shown in Fig.6.4, it appears that the reduction in the plastic viscosity 
and LWA content, as well as the increased tendency of upward movement of LWA, 
had more significant effect on the stability of concrete than the reduction in the 
density difference between the coarse aggregate and the mortar matrix. This explains 
why the MI increased as air entrainment increased. 
 


















Fig.6.4 – Effect of plastic viscosity on mass deviation index. (Values beside 
corresponding data points are mortar density in kg/m3). 
 
6.4 Comparison of stability of non-air and air entrained LWAC 
with similar yield stress 
 Table 6.5 shows the basic properties of some non-air and air entrained 
concretes with F6.5 aggregate in Series I and II. These include air content, density, 
slump, yield stress, plastic viscosity, MI value, and 28-day compressive strength of 
the concrete. The results were separated into non-air and air entrained concrete, and 
the mixtures with similar yield stress were grouped together in each Series. In Series 
I, the concretes had similar yield stress of about 650 + 65 Pa, while the concretes in 
Series II had lower yield stresses of about 350 + 55 and 200 + 35 Pa, respectively. 
The non-air entrained concrete had about 4.5% entrapped air by volume, and average 
fresh concrete density of 1850 kg/m3. The lower plastic viscosity of Series II non-air 
entrained concrete, as compared with that of the Series I, was probably due to the use 
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lower specific surface area. Hence, the amount of water adsorption on the surface of 
the sand is lower, leading to more free water for workability. Despite the difference, 
the discussions in this section are based on the air and non-air entrained concrete in 
each series, thus the use of different sands does not affect the analysis. 
 
Table 6.5 – Properties of non-air and air entrained concrete with F6.5 aggregate 




Plastic Yield 28-day Air  SP SlumpMix  MI viscosity Series stress strengthcontent  (kg/m3) (mm)No. (%) (Pa) (MPa) (%) (Pa·s) (kg/m3)
1850 70 616 60 5 50.4 6-5 
6-6 1865 110 723 56 6 -- Non-air entrained 4.56.26 
1855 75 697 58 5 51.2 6-7 
1835 140 566 48 7 38.5 6A-2 6 1815 140 6A-3 721 46 10 42.3 
6A-4 8 1775 165 710 38 17 46.4 
6A-12 12 1665 150 687 31 10 43.3 
I 
6A-13 1660 190 599 19 17 45.5 
Air 
entrained5.22 
14 1595 180 558 24 14 34.5 6A-14 
1550 180 612 19 19 33.3 6A-16 17 1535 190 594 19 13 29.0 6A-17 
1845 70 376 51 13 47 6-24 Non-air 
entrained 4.56.79 1805 135 358 43 10 46.7 6-25 
14 1695 190 434 17 4 34.8 6A-18 4.18 
6A-19 5.22 13 1745 220 322 16 2 31.5 
6A-20 6.26 
Air 
entrained 12 1680 220 290 19 4 33.8 
6-27 1845 190 182 39 18 46.7 II 
6-28 1855 190 174 45 12 48.2 Non-air entrained 4.57.31 
1845 190 163 43 13 43.4 6-29 
13 1725 230 264 18 6 38.5 6A-21 5.22 
6A-22 5.22 16 1655 245 213 16 10 29.4 Air entrained 11 1735 230 213 24 3 37.0 6A-23 6.26 
 
6.4.1 Stability of the concretes at high yield stress of 650 Pa and low yield 
stresses of 200 and 350 Pa 
 Figure 6.5 is similar to Fig.6.4 except that three non-air entrained concretes 
(Mixes 6-5 to 6-7) with similar yield stress of about 650 Pa were included. From the 
figure, two trends may be observed. Firstly, the MI of the air entrained concrete was 
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increased as the plastic viscosity was decreased due to increase in the air entrainment, 
which was discussed in the previous section. Secondly, the MI of the non-air 
entrained concrete was lower than that of the air entrained concrete, indicating better 
stability of the non-air entrained concrete. On the other hand, Fig.6.6 shows the 
relationship between the MI and plastic viscosity of the Series II non-air entrained and 
air entrained concrete with similar yield stresses of about 350 Pa and 200 Pa. It was 
observed that the air entrained concrete had lower MI than the non-air entrained 
concrete, implying that the air entrained concrete had better stability than the non-air 
entrained concrete with the similar yield stresses. This was opposite to the observation 
from the Series I concrete with higher yield stress of about 650 Pa (Fig.6.5). These 
concrete mixtures were vibrated at similar amplitude and frequency as those in the 
Series I, except for different durations of 2 minutes in Series I and ¾ minutes in Series 
II. However, this time differences will not affect the observation as the comparison 





















Fig.6.5 – Effect of plastic viscosity on Mass Deviation Index (MI) of Series I 
concrete with yield stress of about 650 Pa and vibrated at amplitude of 0.21 mm 




























air entrained, yield stress ~ 350 Pa
non-air entrained, yield stress ~ 350 Pa
air entrained, yield stress ~ 200 Pa








Fig.6.6 – Effect of plastic viscosity on Mass Deviation Index (MI) of Series II 
concrete vibrated at amplitude of 0.21 mm and frequency of 50 Hz (Values 
besides corresponding data points are total air content) 
 
 One of the reasons for the better stability of the air entrained concrete during 
vibration may be due to a more cohesive cement paste (FIP manual, 1983). Ritchie 
(1968) suggests that there is a link between cohesion and resistance to segregation. 
The air entrained concrete was more cohesive due to the formations of the 
aforementioned bubble bridges. The bubble bridges were formed from the attractions 
of the air bubbles with the cement particles and also with oppositely charged zones on 
aggregate particles. Also, a smaller density difference between the coarse aggregate 
particles and the mortar matrix due to the introduction of entrained air in the mortar 
would improve the stability of concrete. Furthermore, the presence of numerous well-
dispersed tiny air bubbles in the system may have a damping (cushioning) effect 
during vibration, as the bubbles are deformable and flexible. The bubbles are likely to 
act as shock absorbers and dampen the compression waves (Du and Folliard, 2005; 
ACI 309, 1993). Hence, air entrainment may reduce the effective energy input to the 
fresh concrete during vibration. 
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The results above showed that the non-air entrained concrete had better 
stability under vibration than the air entrained concrete at higher yield stresses of 
about 650 Pa, and vice versa at lower yield stresses of about 200 and 350 Pa. The 
discrepancy of the results may be due to the fact that the concrete at the higher yield 
stress was not fluidised during vibration. This will be discussed in the next Section 
6.4.2. 
6.4.2 Effect of yield stress on fluidisation of fresh concrete under vibration  
The results above showed that the non-air entrained concrete had better 
stability under vibration than the air entrained concrete at higher yield stresses of 
about 650 Pa, and vice versa at lower yield stresses of about 200 and 350 Pa. In a 
study by Banfill et al (1999), it was found that the fluidity of fresh concrete under 
vibration is influenced by the peak vibrational velocity and that the rheology of the 
unvibrated concrete (i.e. original yield stress and plastic viscosity) governs its 
response to vibration. The peak vibrational velocity is a function of the frequency and 
amplitude of vibration. He suggests that fluidisation of fresh concrete under vibration 
occurs when the energy input by the vibration is sufficient to reduce the yield stress as 
the force of attraction between the cement particles and the internal friction between 
the aggregate particles have been overcome. In another study on the effect of 
vibration on workability of concrete, Tattersall (1989) suggests that for a given 
concrete there is a minimum amplitude below which vibration has no effect on the 
concrete because the yield stress is not reduced sufficiently for flow to occur. In 
addition, there is also a maximum limiting frequency above which the vibration is 
ineffective. The minimum amplitude is dependant on the fresh concrete mixture, the 
applied frequency, and the maximum limiting frequency. The above indicates that this 
minimum amplitude necessary for the fluidisation of fresh concrete may be related to 
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the yield stress of the concrete. The higher the yield stress of the fresh concrete, the 
higher the minimum amplitude may be required to achieve fluidisation. The 
requirement of a minimum amplitude for vibration and consolidation is also 
mentioned in a report by ACI 309 (1993). 
The lower MI shown by the Series I non-air entrained concrete in Fig.6.5 may 
be due to the higher yield stress of the concrete so that the energy input from the 
vibration was insufficient to reduce the yield stress to a level low enough to bring 
about fluidisation even though the vibration time for Series I concrete was longer than 
that for Series II concrete. This implied that the applied vibration amplitude of 0.21 
mm was probably below the minimum amplitude required to reduce the yield stress 
sufficiently to bring about fluidisation at the vibratory frequency of 50 Hz. This also 
implied that fluidisation of the Series I non-air entrained concrete in Fig.6.5 might not 
have occurred during vibration due to the higher yield stress of the concrete, resulting 
in lower MI values. Figure 6.7 shows the effect of the yield stress on the MI for the 
Series I non-air entrained concrete. These concrete had similar plastic viscosity. The 
MI remained rather constant at about 3 – 6% when the yield stress was above 
approximately 400 Pa. It is likely that the applied amplitude of 0.21 mm was 
insufficient to overcome the yield stress to bring about fluidisation of the Series I non-
air entrained concrete when the yield stress was above approximately 400 Pa. As the 
yield stress decreased from about 400 to 40 Pa, the MI increased significantly to about 
40%. From these, it appears that for given amplitude and frequency of vibration, there 
is a critical yield stress of fresh concrete above which the fluidisation may not occur, 
thus segregation of the concrete may be limited. 














Fig.6.7 – Effect of yield stress on the Mass Deviation Index (MI) of Series I non-air 
entrained concrete 
 
The origin of the yield stress may be contributed by three primary sources as 
discussed earlier in Section 4.4.1 (page 93). These include the mechanical 
interlocking between aggregates, the attractive colloidal forces between the cement 
and other submicron particles, and a colloidal gel of hydrated calcium silicate that 
forms around the cement particles as a result of cement hydration. However, the 
mechanism by which vibration reduces the yield stress is not fully understood. Petrou 
et al (2000) speculated that vibration causes the larger aggregates to jiggle, thus 
unlocking the initially interlocked structure and reducing the internal friction. The 
vibration may also deflocculate the cement particles, and break the initially weak 
chemical bonds resulting from the early hydration products in fresh cement paste. 
Therefore, the reduction in the yield stress of concrete under vibration may be related 
to the weakening of the mechanical, electrostatic, and chemical bonds among its 
ingredients.  
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Although the air and non-air entrained concrete in Fig.6.5 had similar yield 
stress, it is believed that the yield stress in each type of the concrete may be 
dominated by different sources. The air entrained concrete may have a greater 
electrostatic attraction due to the attraction between the air bubbles and the cement 
particles. This explains why the air entrained concrete is more cohesive. On the other 
hand, the non-air entrained concrete may have a greater internal friction due to a 
higher volume of solid particles and coarse aggregates. In view of these, it was likely 
that for given amplitude and frequency of vibration, the critical yield stress for the air 
and non-air entrained concrete was different. 
In this case, the critical yield stress of the air entrained concrete was likely to 
be higher than that of the non-air entrained concrete. The reason is that at similar yield 
stress, the air entrained concrete had lower plastic viscosity. Thus, at the yield stress 
of about 650 Pa, the same vibratory energy might have caused fluidisation in the air 
entrained concrete but not necessary for the non-air entrained ones (Fig.6.8). This 
may explain why the non-air entrained concrete of Series I in Fig.6.5 had lower MI 
than the air-entrained ones. For Series II concrete, it was likely that fluidisation 
occurred in both air entrained and non-air entrained concrete during vibration (Fig.6.6 
& Fig.6.8) as the yield stress of the concrete was lower.  
In summary, the air entrained concrete had better stability than the non-air 
entrained one at similar yield stress so long as the concrete was fluidised during 
vibration. However, it was noted that the air entrained concrete became less stable 
during vibration as entrained air content was increased.  
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 Fig.6.8 – Schematic presentation of critical yield stress of air and non-air entrained 
concrete: Air entrained concrete might have higher critical yield stress. Series I 
non-air entrained concrete (yield stress about 650 Pa) might not have fluidised 
while the air entrained concrete and Series II non-air entrained concrete were 
fluidised under vibration. 
 
6.5 Comparison of stability of non-air and air entrained LWAC 
with similar slump 
Table 6.6 shows the basic properties of the non-air and air entrained concretes 
with F6.5 aggregate and slumps greater than 120 mm in Series I and II. This included 
all the concrete that was believed to have fluidised during vibration. Figures 6.9 and 
6.10 show the relationship of slump with the MI of Series I and II concrete, 
respectively. The non-air entrained concrete in the figures had yield stress below 400 
Pa as it had been shown earlier that the critical yield stress was about 400 Pa below 
which the fluidisation was likely to have occurred during the vibration. Both figures 
show that the MI increased in general as the slump of concrete increased although the 
trend is not clear in Fig.6.10. This may be due to a shorter duration of vibration in 
Series II. In addition, the MI of the air entrained concrete appears to be lower than the 
non-air entrained concrete at similar slump. This indicates that the air entrained 
  Non-air entrained  A ir entrained 
6 50 Pa  
40 0 Pa  
10 0 Pa  
Yield stress  
  Critical yield stress level 
Fluidisation  occurred 
Critical yield stress  level  ( 400  Pa)
 No Fluidisation    
 
Fluidisation    occurred 
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concrete had better stability than the non-air entrained one when compared at similar 
slump.  
At similar slump, the air entrained concrete had higher yield stress and lower 
plastic viscosity than the non-air entrained concrete. From Table 6.6, it is observed 
that the air entrained concrete had lower SP dosage than non-air entrained concrete at 
similar slump. This is likely to be the cause of the higher yield stress of the air 
entrained concrete as it has been shown in earlier discussion that reducing the SP 
dosage will result in an increase in the yield stress. Furthermore, earlier discussion 
also indicates that the stability of fresh concrete decreases with a decrease of either 
the yield stress or the plastic viscosity. However, the effect is more pronounced for 
the decrease in the yield stress. This may explain why the air entrained concrete had 
better stability since it had higher yield stress although its plastic viscosity is lower 
than that of the non-air entrained concrete. 
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Table 6.6 – Properties of non-air and air entrained concretes with F6.5 aggregate 




Plastic Yield 28-day Air  Mix  
No. Series (kg/m
SP Slump MI viscosity stress strengthcontent  3) (mm) (%) (Pa) (MPa) (%) (Pa·s) (kg/m3)
1860 150 251 62 19 51.3 6-9 
6-10 1830 140 268 57 14 50.2 6.79 
1830 125 326 64 7 44.7 6-11 
6-12 1850 240 41 53 38 50.6 
Non-air 
entrained 4.5
1865 235 86 60 29 53.0 6-13 7.31 
1855 235 45 54 39 -- 6-14 
1835 140 566 48 7 38.5 6A-2 6 6A-3 1815 140 721 46 10 42.3 I 
8 1775 165 710 38 17 46.4 6A-4 
12 1665 150 687 31 10 43.3 6A-12 
6A-13 1660 190 599 19 17 45.5 
Air 
entrained5.22 14 1595 180 558 24 14 34.5 6A-14 
1550 180 612 19 19 33.3 6A-16 17 1535 190 594 19 13 29.0 6A-17 
1805 135 358 43 10 46.7 6-25 6.79 
6-27 7.31 1845 190 182 39 18 46.7 




1845 190 163 43 13 43.4 
14 1695 190 434 17 4 34.8 4.18 6A-18 
6A-19 5.22 13 1745 220 322 16 2 31.5 
II 
12 1680 220 290 19 4 33.8 6A-20 6.26 
6A-21 5.22 13 1725 230 264 18 6 38.5 
6A-22 5.22 16 1655 245 213 16 10 29.4 
Air 
entrained
11 1735 230 213 24 3 37.0 6A-23 6.26 
 








































Fig.6.10 – Effect of slump on Mass Deviation Index (MI) of Series II concrete. 
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6.6 Summary and conclusions  
In this chapter, the stability of the fresh LWAC was evaluated based on the 
Mass Deviation Index (MI), as presented in Section 3.4.2 (page 67). The significance 
of the MI value related to some properties of the hardened LWAC has been presented 
in Chapter 5 (page 114). In summary, the stability of the fresh LWAC was affected by 
the rheological parameters (i.e. the yield stress and plastic viscosity) and the vibratory 
parameters (i.e. the amplitude and frequency). Based on the current experimental 
results and discussion in Chapter 6, the following conclusions may be drawn: 
1. When fresh LWAC experienced vibration, the segregation resistance or 
stability decreased with decrease in its yield stress or plastic viscosity.  
2. The stability of the LWAC was reduced with increasing dosage of SP, as the 
yield stress was reduced. 
3. At similar yield stress, the LWAC with denser LWA had better stability. This 
was due to a smaller density difference between the denser LWA and the 
mortar matrix, resulting in a more homogeneous mixture.  
4. At similar yield stress, the LWAC with lower w/c had better stability due to its 
higher plastic viscosity. The concretes under comparison had the same 
volumetric proportion of paste and aggregates but different w/c. 
5. In this study, the design of the air entrained concrete mixtures was such that 
when the entrained air content increased, the solid materials were reduced 
proportionally, and the LWA content was reduced. For concrete with a given 
LWA, the increase in entrained air content led to the reduction of the plastic 
viscosity. Furthermore, the increase in entrained air content also reduced the 
density difference between the LWA and the mortar matrix. The latter tends to 
increase stability, whereas the former tends to reduce stability. The overall 
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results showed that the stability of the air entrained concrete was reduced with 
an increase in entrained air content. This indicated that the reduction in the 
plastic viscosity and LWA content had more significant effect on the stability 
of concrete.  
6. For the concrete with given yield stress and plastic viscosity, there was a 
minimum amplitude of vibration above which the concrete could be fluidised. 
When this happened, relative movement of the coarse aggregate particles 
within the mortar matrix took place and segregation might occur. On the other 
hand, when the applied amplitude was below this minimum amplitude, the 
concrete might not be fluidised, thus segregation in the concrete would be 
limited. 
7. For given frequency and amplitude of vibration, there was a critical yield 
stress above which the vibratory energy was insufficient to cause fluidisation 
in concrete. The stability of the fresh concrete was dependent on whether the 
yield stress was below this critical value. The critical yield stress was likely to 
be higher for air entrained concrete than for non-air entrained concrete at 
similar yield stress. 
8. When the LWAC was not fluidised during vibration, the non-air entrained 
concrete had better stability than the corresponding air entrained concrete at 
similar yield stress. On the other hand, when the LWAC was fluidised during 
vibration, the air entrained concrete had better stability than the corresponding 
non-air entrained concrete at similar yield stress. However, the stability of air 
entrained concrete decreased as entrained air content increased. 
9. At similar slump the air entrained concrete also had better stability than non-
air entrained concrete so long as fluidisation occurred during vibration. 
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 For production of LWAC, the LWA is often selected based on its availability 
and particle density to achieve specified strength and unit weight of concrete. If the 
difference between the particle density of LWA and the density of mortar matrix is 
relatively large, caution should be exercised to avoid overdoses of superplasticizers 
and air entraining admixtures in order to reduce potential segregation of fresh 
concrete.  
In design of LWAC mixtures with a specified slump, air entrainment is 
recommended for improvement of both the workability and the stability of fresh 
concrete even when the concrete is not subjected to repeated freezing and thawing 
cycles, so long as fluidisation of the concrete occurs during vibration. However, for 
concrete with a given maximum aggregate size, the amount of air entrainment should 
be limited based on considerations of stability and mechanical properties. 
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7 EFFECT OF VIBRATORY PARAMETERS ON 
STABILITY OF LWAC 
 
7.1 Introduction 
It is useful to investigate how the stability of concrete is affected when the 
vibratory parameters are changed, apart from understanding how the different 
rheological parameters affect its workability and stability. This chapter presents the 
results and discussion on the stability of fresh LWAC vibrated on a table under 
different sets of vibratory parameters. In this study, the vibratory parameters 
investigated included the frequency, and amplitude and acceleration from a vibration 
table. The stability of the concrete was evaluated using the Mass Deviation Index 
(MI), as described in Section 3.4.2 (page 67). The findings from past research on the 
vibration of the fresh concrete has been presented in Section 2.5 (page 46).The first 
part of this chapter presents the effect of frequency and amplitude, followed by the 
last part on the effect of the vibratory acceleration, on the stability of the fresh 
LWAC. 
 
7.2 Experimental results 
Table 7.1 shows the properties of the non-air and air entrained concrete in 
Series II as well as their segregation (MI values) at various amplitudes and 
frequencies of vibration, respectively. The properties include air content, density, 
slump, yield stress, and plastic viscosity of the fresh concrete and 28-day compressive 
strength of the concrete. The frequencies of 40, 50, 60, 75 and 90 Hz and amplitudes 
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of 0.21 and 0.36 + 0.01 mm were applied for vibration. Thus, the range of 
acceleration was from 1.5g to 11.8g according to Equation (2.31) and given in Table 
3.7. The results in Table 7.1 were grouped into similar yield stress and further 
separated by the different amplitudes of 0.21 and 0.36 mm. The average plastic 
viscosity of the non-air and air entrained concrete were 45 and 18 Pa·s and the air 
content were about 4.5% and 13%, respectively. The yield stress was decreased from 
about 550 to 100 Pa and from about 500 to 200 Pa for the non-air and air entrained 
concrete, respectively, through increase in SP dosage.  
Table 7.2 and Table 7.3 show the distribution profiles of coarse aggregate 
mass in the non-air and air entrained concrete, respectively, after the vibration with 
different frequencies and amplitudes. The corresponding MI values were calculated 
according to Equation (3.1).  
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Table 7.1 – Properties of concrete and Mass Deviation Index (MI) in Series II 
MI (%) Average MI (%)

































6-21 1835 55 552  50  0.21 12 10 -- 9 27      51.0 
6-22 1845 60 581 48 17 10 9 13 29 51.9 
6-23 
6.26 
1845 55 506 544 49 48 0.36 13 17 13 18 22 15 14 11 16 26 48.5 
6-24 1845 70 376 51 14 13 14 21 26 47.0 
6-25 1805 135 358 367 43 47 0.21 9 10 12 7 38 12 12 13 14 32 46.7 
6-26 
6.79 
1845 75 451  49  0.36 11 17 -- 22 31      43.1 
6-27 1845 190 182  39  19 18 19 30 35      46.7 
6-28 1855 190 174 173 45 42 17 12 15 25 56 15 14 17 27 44 48.2 
6-29 1845 190 163  43  
0.21 
9 13 17 25 42      43.4 
6-30 1825 190 247 43 19 15 -- -- 68 45.7 
6-31 
7.31 
1835 190 159 203 44 44 0.36 22 29 -- 46 65 21 22 -- 46 67 50.0 
6-32 1825 220 124 34 10 14 -- 48 59 -- 




8 16 17 -- 54





1850 230 81  34  0.36 50 47 -- 73 95      46.9 
6A-18 4.18 0.40 14 1695 190 434  17  0.21 6 4 2 7 14      34.8 
6A-19 5.22 0.49 13 1680 175 530  18  0.36 2 4 3 11 13      32.5 
6A-20 5.22 0.49 13 1745 220 322 16 5 2 7 4 19 31.5 
6A-21 5.22 0.40 13 1725 230 264 18 3 6 5 8 33 38.5 




5 4 8 64 1
4 4 5 7 23
33.8 
6A-24 6.26 0.49 13 1735 225 253  19  0.36 8 4 4 16 31      39.3 
6A-25 6.26 0.44 11 1735 230 213  24  0.21 10 3 7 5 36      37.0 
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Table 7.2 – Distribution profile of coarse aggregate mass and corresponding 
Mass Deviation Index (MI) of non-air entrained concrete in Series II 
a) Frequency 40 Hz 
Mix no. 6-21 6-24 6-25 6-27 6-28 6-29 6-32 6-33 6-22 6-23 6-26 6-30 6-31 6-34
Layer 1 (top) 314 361 334 375 366 332 336 333 348 341 345 322 355 356
Layer 2 308 328 302 314 304 320 311 311 352 335 293 337 358 370
Layer 3 303 315 293 293 312 305 295 306 316 321 303 327 330 330
Layer 4 310 297 313 308 309 301 314 307 301 302 325 295 316 287
Layer 5 290 301 302 316 300 293 301 291 286 291 300 261 279 238
Layer 6 (bottom) 262 294 298 289 282 279 280 294 256 270 292 240 245 144
Total mass (g) 1787 1896 1842 1895 1873 1830 1837 1842 1859 1860 1858 1782 1883 1725
Average mass (g) 298 316 307 316 312 305 306 307 310 310 310 297 314 288
MI (%) 12 14 9 19 17 9 10 8 17 13 11 19 22 50
b) Frequency 50 Hz 
Layer 1 (top) 334 353 346 383 360 345 364 370 332 363 358 362 369 428
Layer 2 313 299 286 317 311 318 307 320 302 332 307 347 349 334
Layer 3 302 285 310 302 310 284 318 303 284 308 291 317 298 304
Layer 4 292 313 323 317 332 305 319 304 287 300 296 293 273 266
Layer 5 290 323 324 321 310 314 309 295 298 272 301 285 258 240
Layer 6 (bottom) 286 295 312 312 312 273 303 318 301 289 279 281 208 170
Total mass (g) 1817 1868 1901 1952 1935 1839 1920 1910 1804 1864 1832 1885 1755 1742
Average mass (g) 303 311 317 325 323 307 320 318 301 311 305 314 293 290
MI (%) 10 13 10 18 12 13 14 16 13 17 17 15 29 47
c) Frequency 60 Hz 
Layer 1 (top) -- 351 355 363 353 366 -- 358 289 341 -- -- -- --
Layer 2 -- 303 299 336 304 336 -- 335 281 316 -- -- -- --
Layer 3 -- 284 296 288 289 275 -- 280 293 281 -- -- -- --
Layer 4 -- 304 331 273 299 271 -- 293 311 288 -- -- -- --
Layer 5 -- 307 335 292 309 320 -- 297 298 312 -- -- -- --
Layer 6 (bottom) -- 291 286 280 295 309 -- 274 264 274 -- -- -- --
Total mass (g) -- 1839 1902 1832 1849 1877 -- 1837 1735 1812 -- -- -- --
Average mass (g) -- 307 317 305 308 313 -- 306 289 302 -- -- -- --
MI (%) -- 14 12 19 15 17 -- 17 9 13 -- -- -- --
d) Frequency 75 Hz 
Layer 1 (top) 327 372 328 386 368 383 378 -- 362 350 353 -- 380 402
Layer 2 308 310 312 312 284 371 216 -- 321 320 299 -- 359 380
Layer 3 294 288 308 309 278 334 314 -- 307 290 311 -- 313 339
Layer 4 296 307 299 321 298 281 320 -- 311 308 319 -- 316 337
Layer 5 290 289 307 308 301 239 302 -- 319 307 315 -- 325 275
Layer 6 (bottom) 283 284 286 216 244 293 154 -- 297 251 237 -- 166 82
Total mass (g) 1798 1850 1840 1852 1773 1901 1784 -- 1917 1826 1834 -- 1859 1815
Average mass (g) 300 308 307 309 296 317 297 -- 320 304 306 -- 310 303
MI (%) 9 21 7 30 25 25 48 -- 10 18 22 -- 46 73
e) Frequency 90 Hz 
Layer 1 (top) 352 384 385 400 395 397 400 370 377 365 370 331 397 404
Layer 2 308 330 296 352 336 343 352 353 345 323 338 363 375 403
Layer 3 296 270 312 323 326 310 365 323 310 307 332 348 356 355
Layer 4 294 289 336 341 322 313 353 348 325 325 315 332 350 327
Layer 5 281 324 333 330 338 320 306 230 310 315 310 303 323 167
Layer 6 (bottom) 212 228 190 212 135 180 130 135 224 245 215 93 111 14
Total mass (g) 1743 1825 1852 1958 1852 1863 1909 1759 1891 1880 1880 1770 1912 1670
Average mass (g) 291 304 309 326 309 311 318 293 315 313 313 295 319 278
MI (%) 27 26 38 35 56 42 59 54 29 22 31 68 65 95
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Table 7.3 – Distribution profile of coarse aggregate mass and corresponding 
Mass Deviation Index (MI) of air entrained concrete in Series II 
a) Frequency 40 Hz 
Mix ID 6A-18 6A-20 6A-21 6A-23 6A-25 6A-19 6A-24  
Layer 1 (top) 263 273 286 283 297 275 293  
Layer 2 274 280 291 294 278 276 293  
Layer 3 275 269 279 289 301 270 283  
Layer 4 284 266 280 296 301 274 268  
Layer 5 292 257 270 297 280 267 265  
Layer 6 (bottom) 283 258 291 284 258 272 254  
Total mass (g) 1671 1603 1697 1743 1715 1634 1656  
Average mass (g) 279 267 283 291 286 272 276  
MI (%) 6 5 5 3 10 2 8  
b) Frequency 50 Hz 
Layer 1 (top) 279 271 297 289 287 258 287  
Layer 2 278 276 289 290 275 265 273  
Layer 3 275 277 280 292 277 265 282  
Layer 4 265 268 295 273 289 262 285  
Layer 5 260 271 277 265 275 269 279  
Layer 6 (bottom) 263 266 286 261 274 250 267  
Total mass (g) 1620 1629 1724 1670 1677 1569 1673  
Average mass (g) 270 272 287 278 280 262 279  
MI (%) 4 2 4 6 3 4 4  
c) Frequency 60 Hz 
Layer 1 (top) 270 291 283 297 273 264 293  
Layer 2 271 259 292 292 268 278 285  
Layer 3 267 269 279 289 263 278 279  
Layer 4 267 274 277 289 273 272 278  
Layer 5 263 273 274 284 274 278 277  
Layer 6 (bottom) 265 271 284 272 249 264 271  
Total mass (g) 1603 1637 1689 1724 1599 1634 1682  
Average mass (g) 267 273 282 287 267 272 280  
MI (%) 2 7 4 5 7 3 4  
d) Frequency 75 Hz 
Layer 1 (top) 264 259 285 292 297 258 301  
Layer 2 280 274 295 294 282 265 281  
Layer 3 270 263 292 276 281 265 282  
Layer 4 258 274 272 277 283 262 263  
Layer 5 276 280 286 305 281 269 272  
Layer 6 (bottom) 246 276 260 261 269 250 229  
Total mass (g) 1594 1626 1690 1705 1693 1633 1628  
Average mass (g) 266 271 282 284 282 272 271  
MI (%) 7 4 8 8 5 11 16  
e) Frequency 90 Hz 
Layer 1 (top) 299 310 323 364 328 292 371  
Layer 2 271 296 305 308 311 297 318  
Layer 3 252 303 316 281 288 280 314  
Layer 4 261 281 302 254 274 268 276  
Layer 5 262 267 299 256 272 275 286  
Layer 6 (bottom) 231 228 250 183 176 238 205  
Total mass (g) 1576 1685 1795 1646 1649 1650 1770  
Average mass (g) 263 281 299 274 275 275 295  
MI (%) 14 19 16 33 36 13 31  
 7.3 Effect of frequency and amplitude on stability of concrete 
Figures 7.1 and 7.2 show the effect of frequency on the MI value of the non-
air entrained concrete with different yield stresses vibrated at amplitudes of 0.21 and 
0.36 mm, respectively. In addition, Fig.7.3 and Fig.7.4 show the corresponding 
information for the air-entrained concrete. The figures show that in general the MI 
value increased with the increase in the frequency of vibration. However, the 
relationship between the MI value and the frequency seems to be affected by the yield 
stress of the concrete. The lower the yield stress, the more significant the effect of the 
frequency. At higher yield stress between about 400 to 550 Pa, it appears that only 
high frequency above 75 Hz had effect on the MI value and segregation. These 
figures also show that the MI is relatively constant as frequency increased from 40 to 
50 Hz, and possibly even till 60 Hz, at constant amplitudes of 0.21 and 0.36 mm. 
Figure 7.5 shows the effect of amplitude and frequency on the non-air 
entrained concrete with the yield stresses from about 550 to 100 Pa. In general, the MI 
value of concrete increased with the increase in the amplitude of vibration. As with 
the frequency, the relationship between the MI value and the amplitude was affected 
by the yield stress of the concrete. The lower the yield stress, the more significant the 
effect of the amplitude. At the higher yield stress of about 400 and 550 Pa, the effect 
of the increase in the amplitude from 0.21 to 0.36 mm was not significant on the MI 
value and segregation. 























Fig.7.1 – Effect of frequency on MI values of non-air entrained concrete with 























Fig.7.2 – Effect of frequency on MI values of non-air entrained concrete with 
different yield stress vibrated at amplitude of 0.36 mm 
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Fig.7.3 – Effect of frequency on MI values of air entrained concrete with different 
yield stress vibrated at amplitude of 0.21 mm 
 
 
Fig.7.4 – Effect of frequency on MI values of air entrained concrete with different 
yield stress vibrated at amplitude of 0.36 mm 
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Fig.7.5 – Effect of frequency and amplitude on MI values of non-air entrained concrete with yield stress from about 550 to 100 Pa. 
 
 












































Figures 7.6 and 7.7 show the effect of frequency on the MI value of both non-
air and air entrained concrete with similar yield stresses vibrated at the amplitudes of 
0.21 or 0.36 mm, respectively. The figures show that the air entrained concrete had 
lower MI than the non-air entrained concrete with similar yield stress and vibrated 
under similar frequency and amplitude. This indicated that the air entrained concrete 
had better stability than the non-air entrained concrete.  
The above results may be explained by the energy Equation (2.33) by 
Kirkham (1963). The equation shows that the vibratory energy is proportional to the 
square of amplitude and cube of frequency. Hence, it explains the increase in the MI 
value with either the frequency or amplitude due to higher energy that was transmitted 
to the concrete. As discussed in Section 2.5 (page 46), the constant c in Equation 
(2.33) is affected by the yield stress and plastic viscosity of fresh concrete. Concrete 
with higher yield stress is stiffer and less likely to segregate. Correspondingly, more 
energy is required to overcome the higher yield stress in the concrete before the 
particles can start moving within the concrete mass. This explains why the MI values 
were lower as the yield stress of the concrete increased at given frequency and 
amplitude. Also, it is believed that the air entrained concrete had a higher damping 
effect than the corresponding non-air entrained concrete due to the presence of 
numerous entrained air bubbles acting as shock absorbers in the mortar matrix. This 
resulted in less useful energy being transmitted in the air entrained concrete during 
vibration, which explains the lower value of MI, leading to less segregation. In 
addition, the increase in the cohesiveness of the air entrained concrete would result in 
more difficulty in removal of the entrained air bubbles during vibration. The 
improvement in the cohesiveness was mainly the result of electrostatic attraction 
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between the entrained air bubbles and the cement particles. Ritchie (1962) indicated 
that the cohesiveness of concrete is related to its resistance to segregation.
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Fig.7.6 – Effect of frequency on MI values of non-air and air entrained concrete with similar yield stress vibrated at amplitude of 0.21 mm 




















Mix 6-22 & 23 (544 Pa, 48 Pa.s)
Mix 6A-19(530 Pa, 18 Pa.s)
7.4 Effect of vibratory acceleration on stability of concrete 
For table vibration, the compaction effect is determined by the acceleration of 
the table. The peak vibratory acceleration is a function of the frequency and 
amplitude, shown in Equation (2.30), and may be normalized to present the 
acceleration in terms of the number of gravitational acceleration, given in Equation 
(2.31). The report by ACI 309 (1993) states that higher amplitudes are needed for 
efficient and rapid consolidation. Under the same acceleration, a combination of high 
amplitude and moderate frequency results in more rapid consolidation than does a 
combination of high frequency and low amplitude. In this study, the range of the 
acceleration was from 1.5g to 11.8g, depending on the combination of frequency and 
amplitude, as shown in Table 3.7.  
Figures 7.8 (a)-(b) and 7.9 show the effect of acceleration on the MI value of 
the non-air and air entrained concrete with yield stress from about 550 to 100 Pa and 
500 to 300 Pa, respectively. In general, the MI of concrete increased with the increase 
in vibratory acceleration. Furthermore, the effect of the acceleration became more 
significant as the yield stress of concrete decreased. For the non-air entrained concrete 
with the higher yield stresses of about 400 and 550 Pa (corresponding to slump from 
about 50 to 100 mm), the MI was relatively constant at 10-15% and was independent 
of the acceleration below 5g. Similarly for the air entrained concrete with yield stress 
of about 300 and 500 Pa (corresponding to slump from about 175 to 230 mm), the MI 
values were also relatively constant below the acceleration of 5g.  These results 
indicate that the vibratory energy input in these cases may be below the minimum 
level of vibratory energy required for the movement of particles within the concrete 
mass to take place, as mentioned by Banfill et al. (1999). In such cases the concrete 
was likely to posses stiffness and damping during vibration, besides being influenced 
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by its mass, as suggested by Alexander (1977). Since in these cases concrete mass 
was not the only factor affecting the response of concrete to vibration, Newton’s 
second law might not be the primary one that governs the concrete’s response to 
vibration. This may explain why the MI value of these concrete was independent of 
the acceleration below 5g. Above 5g, it appears that a combination of higher 
frequency and lower amplitude resulted in higher MI values than a combination of 
higher amplitude and lower frequency. If a high value of MI is a consequence of over 
vibration, the above results somewhat contradicts the statement in the report by ACI 
309 (1993) that a combination of high amplitude and low frequency will result in a 
more rapid consolidation. However, it should be noted that the trend was the result of 
a single frequency at 90 Hz, and further research is needed. At the lower yield stress 
of about 200 Pa, the MI generally increased as the acceleration increased regardless of 
the combination of frequency and amplitude. At the lowest yield stress of about 100 
Pa, the combination of higher amplitude and lower frequency resulted in higher MI 
and more segregation, implying that a more rapid consolidation took place, as 
suggested in the report by ACI 309 (1993). 
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Fig.7.8 (a) – Effect of acceleration (ga) on MI values of non-air entrained concrete 
with yield stress from about 550 to 100 Pa. Lines 1-5 & A-E represent data with 
the same amplitude of 0.21 and 0.36 mm, respectively. 1A, 2B, 3C, 4D & 5E 
represent data with the same frequency of 40, 50, 60, 75 & 90 Hz, respectively. 


















Mix I-3 & II-3 
Yield stress ~90 Pa 
 0.21 mm Mix 6-27, 28 & 29 
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Fig.7.8 (b) – Effect of acceleration (ga) on MI values of non-air entrained concrete 
with yield stress from about 550 to 100 Pa. Lines 1-5 & A-E represent data with 
the same amplitude of 0.21 and 0.36 mm, respectively. 1A, 2B, 3C, 4D & 5E 
represent data with the same frequency of 40, 50, 60, 75 & 90 Hz, respectively. 
 



























Mix Ia-1 & IIa-1 
Yield stress ~260 Pa 
 Mix 6A-18 



























Mix Ia-2 & IIa-2 
Yield stress ~150 Pa 
 Mix 6A-20, 21 & 23 
Mix 6A-24 30  
Fig.7.9 – Effect of acceleration (ga) on MI values of air entrained concrete with 
yield stress of about 500 & 300 Pa. Lines 1-5 & A-E represent data with the same 
amplitude of 0.21 and 0.36 mm, respectively. 1A, 2B, 3C, 4D & 5E represent data 
with the same frequency 40, 50, 60, 75 & 90 Hz, respectively. 
 
Kolek (1963) described the process of consolidation in two stages consisting 
of major subsidence of the concrete followed by removal of entrapped air. The first 
stage comprises of a change from loosely-placed concrete to a more compacted 
concrete as the larger voids are fill up by the concrete material. With the larger voids 
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filled up, entrapped air bubbles are formed. In the second stage, de-aeration occurs as 
the entrapped air bubbles move upward within the mortar matrix to be expelled at the 
surface. At this stage, movement of coarse lightweight aggregates relative to the 
mortar matrix is also possible and segregation of the fresh concrete may take place. 
From this, the minimum energy requirement at each stage may be different. The first 
stage of subsidence requires less energy since the internal friction is lower when the 
concrete is in its loose state. The minimum energy required at the second stage of de-
aeration is higher since the concrete is more compacted and the particles are closer 
together. As the relative density difference between the air bubble and mortar matrix 
is higher than that between the coarse lightweight aggregate and mortar matrix, it is 
likely that the minimum energy needed to cause movement of the aggregates relative 
to the mortar matrix is higher than that required for de-aeration because a greater 
density difference is likely to increase the ease of relative movement between particle 
and mortar matrix as discussed in Section 6.2 (page 127). This implied that it is 
possible to consolidate concrete without segregation if the energy transmitted to the 
concrete is sufficient to cause subsidence and de-aeration without relative movement 
of the aggregate within the matrix.  
As discussed earlier, the minimum acceleration for consolidation of fresh 
concrete using table vibration is 2 to 4g according to the report by ACI 309 (1993). 
Besides this, according to the data in Figs.7.8 and 7.9, and the energy requirement 
during consolidation described above, it is likely that the acceleration below 5g was 
insufficient to cause segregation of the aggregates relative to the mortar matrix for the 
non-air entrained concrete with yield stress of about 400 and 550 Pa, and air entrained 
concrete with yield stress of about 300 and 500 Pa. This acceleration may be 
considered as minimum acceleration to cause segregation. The minimum acceleration 
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to cause segregation is also a function of frequency and amplitude, which are related 
to the vibratory energy given in Equation (2.33). Since the energy transmitted in the 
concrete is dependant on the stiffness and damping in the concrete, which in turn are 
affected by rheological property of the concrete, it is believed that this minimum 
acceleration to cause segregation is also affected by the rheological property of the 
concrete. It is higher for stiffer concrete, i.e. concrete with higher yield stress, or 
concrete with a greater damping effect such as concrete with air entrainment. This is 
confirmed by the data shown in Figs.7.8 and 7.9.  
 
7.5 Summary and conclusions  
The lightweight aggregate concrete in this part of the study was vibrated under 
constant time duration of 45 seconds. The vibratory parameters studied were the 
frequency, amplitude, and acceleration of table vibration. Findings are summarised as 
follows based on the experimental results and discussion. 
1. The concrete had more segregation when the frequency, amplitude, and 
acceleration increased, provided that minimum energy to cause segregation 
was exceeded. However, the relationships between the segregation (expressed 
by MI value) and the vibratory parameters seem to be affected by the yield 
stress of the concrete. There was more segregation in the concrete with lower 
yield stress for given vibratory parameters.  
2. The air entrained concrete had less segregation than non-air entrained concrete 
with similar yield stress for given vibratory parameters. This was also 
observed in the previous chapter, and is summarised in the conclusions in 
Section 6.6 (page 147). 
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3. There was a minimum acceleration required to cause segregation, which was 
higher than the minimum acceleration required for consolidation of concrete. 
Below the former, there was limited segregation in the concrete during 
vibration. In this study there was limited segregation at acceleration below 5g 
in the non-air entrained concrete with yield stress of about 400 to 550 Pa and 
slump of 50 to 100 mm; and in the air entrained concrete with yield stress of 
about 300 to 500 Pa and slump of 175 to 230 mm. The higher the yield stress 
of the concrete, the higher the minimum acceleration was necessary to cause 
significant segregation. 
4. Above the minimum acceleration to cause segregation, a combination of 
higher amplitude and lower frequency led to more segregation in the concrete 
with low yield stresses. However, for the concrete with higher yield stresses, it 
appears that a combination of higher frequency and lower amplitude led to 
more segregation and this contradicts the report on vibration by ACI 309 
(1993). Further research is needed for verification.  
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8 SUMMARY AND CONCLUSIONS 
 
8.1 Summary and conclusions of results 
The main objective of the current study is to investigate the rheological 
properties of the lightweight aggregate concrete (LWAC) and their influence on the 
workability and stability of the concrete. The objective is accomplished in three 
phases. The results and discussion are presented in Chapters 4, 6 and 7, respectively. 
The summary and conclusions are also provided at the end of these chapters. In this 
chapter, the same conclusions are consolidated and presented. 
The rheological parameters of the LWAC in this study were measured by the 
ConTec BML Viscometer 3, which is based on the coaxial-cylinders system. It should 
be noted that different types of rheometers give different values of the rheological 
parameters for the same concrete mixture. However, similar trend is expected from 
the different types of rheometers. 
The first phase is to investigate how a naphthalene-based superplasticizer and 
an air entraining admixture influence the rheology and workability of the LWAC. 
From the results, the empirical relationships between the rheological parameters and 
the slump of the LWAC were investigated and proposed. Based on the current 
experimental results and discussion in Chapter 4, the following conclusions may be 
drawn: 
1. An increase in the superplasticizer (SP) content in lightweight aggregate 
concrete (LWAC) reduced the yield stress, but did not have a significant effect 
on the plastic viscosity. This is consistent with the results for NWAC. 
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2. For a given mixture proportion and maximum aggregate size, increasing the 
fineness modulus of aggregate results in lower plastic viscosity of the LWAC 
due to lower specific surface area of the aggregate. The yield stress, however, 
was not significantly affected. This is consistent with the results for NWAC. 
3. For concrete with given paste, sand, and LWA proportion, the LWAC with 
higher water-to-cement ratio had lower yield stress and plastic viscosity. This is 
consistent with the results for NWAC. 
4. With a given SP dosage, the yield stress and plastic viscosity of the LWAC 
were reduced with air entrainment so that the air entrained concrete had lower 
yield stress and plastic viscosity than the non-air entrained concrete. In addition, 
as the air entrainment was increased, the plastic viscosity of the air entrained 
concrete was decreased, whereas the yield stress remained relatively unchanged. 
5. With a given SP dosage, the slump of the LWAC increased significantly with 
the incorporation of air entraining admixture. The slump continued to increase 
as the entrained air content increased. However, the extent of the increase in the 
slump with increasing entrained air content was not as significant as when the 
entrained air was first introduced into the concrete. 
6. At similar slump, the air entrained LWAC had higher yield stress and lower 
plastic viscosity compared with the non-air entrained LWAC. This implied that 
higher shear stress is required to initiate flow in the air entrained LWAC but the 
flow rate of the air entrained LWAC would be higher than the non-air entrained 
LWAC. Furthermore, in order to obtain the LWAC with similar slump, less SP 
is required for the air entrained LWAC.  
7. At similar yield stress, the air entrained LWAC had higher slump than the non-
air entrained LWAC although the former had lower SP dosage.  
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8. The yield stress of the non-air entrained LWAC decreased as the slump 
increased from 25 to 250 mm, according to a power-law relationship. On the 
other hand, a linear yield stress-slump relationship was observed when only the 
LWAC with slump greater than 75 mm was considered. Plastic viscosity, 
however, did not appear to have any correlation with the slump of the non-air 
entrained LWAC. 
9. At similar yield stress, the plastic viscosity and the density of the air entrained 
LWAC decreased as the slump increased due to increasing air entrainment. The 
increase of the slump might be due to the increase in the average spacing 
between the aggregates, which was one of the reasons for the decrease in the 
plastic viscosity, as entrained air content increased. 
10. The average spacing between the aggregates might influence the slope of the 
yield stress-slump relationship such that a larger spacing would result in a 
higher slump of the LWAC at similar yield stress.  
11. The difference in the slump for a given yield stress between the non-air and air 
entrained LWAC decreased as the yield stress of the concrete decreased in the 
yield stress-slump relationship. This is consistent with the results for NWAC. 
12. The yield stress was related to the slump and density of the non-air entrained 
LWAC in an empirical equation. The calculated yield stress using the equation 
was found to be a good estimation of the experimentally determined yield stress.  
 
The second phase is to investigate the segregation potential of the LWAC 
under vibration. In this study, the stability of the fresh LWAC was evaluated using the 
Mass Deviation Index (MI), as described in Section 3.4.2 (page 67). The significance 
of the MI value related to some properties of the hardened LWAC has been presented 
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in Chapter 5 (page 114). In summary, the stability of the fresh LWAC was affected by 
the rheological parameters (i.e. the yield stress and plastic viscosity) and the vibratory 
parameters (i.e. the amplitude and frequency). Based on the current experimental 
results and discussion in Chapter 6, the following conclusions may be drawn: 
13. When fresh LWAC experienced vibration, the segregation resistance or stability 
decreased with decrease in its yield stress or plastic viscosity.  
14. The stability of the LWAC was reduced with increasing dosage of SP, as the 
yield stress was reduced. 
15. At similar yield stress, the LWAC with denser LWA had better stability. This 
was due to a smaller density difference between the denser LWA and the mortar 
matrix, resulting in a more homogeneous mixture.  
16. At similar yield stress, the LWAC with lower w/c had better stability due to its 
higher plastic viscosity. The concretes under comparison had the same volume 
proportion of paste and aggregates but different w/c. 
17. In this study, the design of the air entrained concrete mixtures was such that 
when the entrained air content increased, the solid materials were reduced 
proportionally, and the LWA content was reduced. For concrete with a given 
LWA, the increase in entrained air content led to the reduction of the plastic 
viscosity. Furthermore, the increase in entrained air content also reduced the 
density difference between the LWA and the mortar matrix. The latter tends to 
increase stability, whereas the former tends to reduce stability. The overall 
results showed that the stability of the air entrained concrete was reduced with 
an increase in entrained air content. This indicated that the reduction in the 
plastic viscosity and LWA content had more significant effect on the stability of 
concrete.  
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18. For the concrete with given yield stress and plastic viscosity, there was a 
minimum amplitude of vibration above which the concrete could be fluidised. 
When this happened, relative movement of the coarse aggregate particles with 
the mortar matrix and segregation might occur. On the other hand, when the 
applied amplitude was below this minimum amplitude, the concrete might not 
be fluidised, thus segregation in the concrete would be limited. 
19. For given frequency and amplitude of vibration, there was a critical yield stress 
above which the vibratory energy was insufficient to cause fluidisation in 
concrete. The stability of the fresh concrete was dependent on whether the yield 
stress was below this critical value. The critical yield stress was likely to be 
higher for air entrained concrete than non-air entrained one at similar yield 
stress. 
20. When the LWAC was not fluidised during vibration, the non-air entrained 
concrete had better stability than the corresponding air entrained concrete at 
similar yield stress. On the other hand, when the LWAC was fluidised during 
vibration, the air entrained concrete had better stability than the corresponding 
non-air entrained concrete at similar yield stress. However, the stability of air 
entrained concrete decreased as entrained air content increased. 
21. At similar slump the air entrained concrete also had better stability than non-air 
entrained concrete so long as fluidisation occurred during vibration. 
 
The third phase is to investigate how the vibratory parameters affect the 
stability of LWAC with different rheological parameters. The vibratory parameters 
include the frequency, amplitude, and acceleration generated during the vibration of 
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the concrete. Findings are summarised as follows based on the experimental results 
and discussion presented in Chapter 7: 
22. The concrete had more segregation when the frequency, amplitude, and 
acceleration increased, provided that minimum energy to cause segregation 
was exceeded. However, the relationships between the segregation (expressed 
by MI value) and the vibratory parameters seem to be affected by the yield 
stress of the concrete. There was more segregation in the concrete with lower 
yield stress for given vibratory parameters.  
23. When the concrete was fluidised during vibration, the air entrained concrete 
had less segregation than non-air entrained concrete with similar yield stress 
for given vibratory parameters.  
24. There was a minimum acceleration to cause segregation, which was higher 
than the minimum acceleration required for consolidation of concrete. Below 
the former, there was limited segregation in the concrete during vibration. In 
this study there was limited segregation at acceleration below 5g in the non-air 
entrained concrete with yield stress of about 400 to 550 Pa and slump of 50 to 
100 mm; and in the air entrained concrete with yield stress of about 300 to 500 
Pa and slump of 175 to 230 mm. The higher the yield stress of the concrete, 
the higher the minimum acceleration was necessary to cause significant 
segregation. 
25. Above the minimum acceleration to cause segregation, a combination of 
higher amplitude and lower frequency led to more segregation in the concrete 
with low yield stresses. However, for the concrete with higher values of yield 
stresses, it appears that a combination of higher frequency and lower 
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amplitude led to more segregation and this contradicts the report on vibration 
by ACI 309 (1993). Further research is needed for verification.  
 
8.2 Recommendations on the use of admixtures in concrete 
From the results, it is recognized that the incorporation of either SP or AEA 
leads to slump increase and workability improvement of the fresh LWAC. However, 
it was noted that these chemical admixtures improve the workability differently from 
rheology perspective. The use of SP results in the decrease of yield stress of the 
concrete whereas its plastic viscosity is relatively unaffected. This implies that shear 
stress required to initiate flow of the superplasticized concrete is reduced while its 
flow rate remains relatively unchanged. Comparatively, the use of a small amount of 
AEA reduced both the yield stress and plastic viscosity of the air entrained LWAC, as 
presented in this study. Hence, the air entrained concrete would require a lower shear 
stress to initiate the flow and its flow rate would also be higher.  
When the concrete was not fluidised during vibration, it was observed that at 
similar yield stress the non-air entrained concrete had better stability than the air 
entrained concrete. On the other hand, when the concrete was fluidised during 
vibration, the non-air entrained concrete had lower stability than the air entrained 
concrete, even though the former had higher plastic viscosity. This implied that it is 
not necessary for a concrete with lower plastic viscosity to be less stable.  
In design of LWAC mixtures with a specified slump, air entrainment is 
recommended for improvement of both the workability and the stability of fresh 
concrete even when the concrete is not subjected to repeated freezing and thawing 
cycles, so long as fluidisation of the concrete occurs during vibration. With small 
amount of entrained air, mechanical properties of hardened concrete would not be 
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affected significantly. In this study, an increase of total air content by about 1.5% 
(from 4.5 to 6%) from non-air to air entrained concrete had increased the slump 
significantly while the 28-day strength compressive was relatively unaffected. This is 
due to a drastic difference in the air void structure between the non-air and air 
entrained concrete, as shown in Fig.4.15. Therefore, it would be worthwhile to 
consider using air entrainment as an alternative mean to improve workability. 
However, for concrete with a given maximum aggregate size, the amount of air 
entrainment should be limited with considerations of stability and mechanical 
properties. 
For production of LWAC, the LWA is often selected based on its availability 
and particle density to achieve specified strength and unit weight of concrete. If the 
difference between the particle density of LWA and the density of mortar matrix is 
relatively large, caution should be exercised to avoid overdoses of superplasticizers 
and air entraining admixtures in order to reduce potential segregation of fresh 
concrete.  
 
8.3 Recommendations for further research 
 The following are some suggestions for future research to attain more insight 
on the behaviour of the fresh LWAC: 
1. The influence of mortar rheology on migration of the LWA, with emphasis on 
the particle size and density, will provide better understanding for some of the 
current results. 
2. The results from past research and current study indicate that the yield stress-
slump relationship is affected by the binder content, which affects the average 
spacing of the aggregates. Instead of varying the binder content, the average 
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spacing of the aggregate can also be changed by variation of the entrained air 
content. Due to the limited data in the current study, it is not possible to 
establish if the change in entrained air content affects the yield stress-slump 
relationship. Therefore, concrete in series of 2 or 3 different entrained air 
contents can be tested and relate to the slump. Each of these series should 
consist of concrete with different yield stresses. 
3. From the current study, it was found that the air entrained LWAC compared 
with that of the non-air entrained LWAC at similar slump had higher yield 
stress but lower plastic viscosity. This implied that a higher shear stress will be 
required to initiate flow in the air entrained LWAC. The air entrained LWAC 
is expected to have a higher flow rate when flow occurs. In order to verify if 
the suggested effect for the LWAC is also the same for NWAC, it will be 
necessary to compare the rheological parameters between the non-air and air 
entrained NWAC at similar slump. 
4. For the concrete with higher yield stresses in this study, it appears that a 
combination of higher frequency and lower amplitude led to more segregation 
and this contradicts the report on vibration by ACI 309 (1993). Further 
research is needed for verification. 
5. Much research has been done on self-compacting concrete using rock-based 
normal weight aggregates. Information from the current study may be used as 
a platform for extension to rheology of self-compacting LWAC, including the 
use of silica fume to improve the level of compressive strength. 
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